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FOREWORD

This report was prepared by the Pratt g: Whitney Aircraft Division of

the United Aircraft Corporation under Contract NAS3-4195. The contract

was administered by the Lewis Research Center of the National Aeronautics

and Space Administration, Cleveland, Ohio. This report is the final report

on the subject contract summarizing the technical work during the period

30 June 1964 to 30 June 1965. The NASA Project Manager for the contract

was Mr. John W. Gregory.

The following personnel at Pratt g: Whitney Aircraft contributed to

the technical effort and preparation of this report: D. E. Dahlberg, A. I.

Masters (P&WA Program Manager), J. E. Colbert, J. F. Lea, and R. A.

Simmons--propellant selection, test, and data analysis; J. F. Butler and

R. R. Ramsden -- hardware design and test; G. A. Wynne -- theoretical

performance analysis; M. R. Glickstein, N. W. Barre, and R. H. Whitesides,

Jr. - heated tube tests; J. E. Jackson - uncooled test heat transfer analysis;

S. A. Mosier, R. E. Dotson, and O. K. Moehrbach - hypergolicity test; R. C.

Frink -- property determination of hydrocarbon blends; and T. F. Zupnik

- nonequilibrium performance analysis. All personnel are employees at

Pratt g: Whitney Aircraft's Florida Research and Development Center ex-

cept Mr. Zupnik who is with ghe PgcWA Scientific Staff of the Advanced

Power Systems Group in East Hartford, Connecticut.
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ABSTRACT ,_'_3_7

An analysis was completed for determination of the most promising

hydrocarbon fuels for use with flox in upper stage rocket engines. Experi-

mental rocket firings in uncooled, transpiration cooled, and regeneratively

cooled thrust chambers were conducted using flox with methane, propane,

butene-1, and a eutectic blend of pentane and isopentane. Experimental

heated tube heat transfer and hypergolicity tests were conducted, and lab-

oratory determinations of physical properties of various blends of hydro-

carbon compounds were made. ,,,7.
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carbon fuels, the cooling limit is the point where burnout of the thrust

chamber coolant passages occurs. When operating below the critical pres-

sure of the coolant, chamber burnout normally occurs in the high heat flux

region near the exhaust nozzle throat. This type of burnout usually occurs

in the transition region between nucleate boiling and film boiling; however,

cooling with film boiling or bulk boiling is possible under some conditions

of reduced heat flux. Cracking of the fuel, causing tube fouling, has been

suggested as another possible limitation on the cooling capability of hydro-

carbon fuels; however, at subcritical pressures cracking will not occur until

the fuel is heated well beyond the region of film boiling. For short dura-

tions, significant cracking would require temperatures in excess of 2000°R.

When thermally stable fuels are used, transpiration cooling overcomes

many of the limitations of ablation and regenerative cooling. Although

transpiration cooling involves some unique design problems as well as a

potential performance loss due to incomplete mixing between the coolant

and the combustion products, the major obstacle to its use has been the

lack of applicable experimental data. Light hydrocarbon fuels are ideal

transpiration coolants because of (1) good thermal stability, (2) high cooling

capacity, and (3) thermodynamic characteristics that give the heated fuel a

high specific impulse, even if it is not completely mixed with the combustion

products.

For most rocket fuels, fluorine provides a significant increase in theo-

retical specific impulse over the performance obtained with oxygen. With

carbon-hydrogen compounds, even higher theoretical specific impulse is

achieved by using fluorine-oxygen blends (or "flox") as the oxidizer. With

hydrocarbon fuels, flox will provide a higher theoretical performance than

either pure oxygen or fluorine because in combination with carbon oxygen

releases more energy than fluorine, whereas, with hydrogen, fluorine releases

more energy than oxygen. Flox also provides higher specific impulse than

oxygen difluoride with hydrocarbon fuels because of (1) the lower heat

of formation of oxygen difluoride and (2) the nonoptimum fluorine concen-

tration in oxygen difluoride for most hydrocarbon fuels. The theoretical

specific impulse improvement of flox over oxygen difluoride may be as

much as 13 seconds for methane or as little as 2 seconds for hydrocarbons

with a hydrogen-to-carbon atomic ratio of 2. Table I gives the theoretical

performance of three light hydrocarbon fuels with oxygen, fluorine, flox,

and oxygen difluoride. Comparison shows the superiority of the flox

combinations.

Program objectives were (1) to evaluate both analytically and experi-

mentally, the ability of light hydrocarbon fuels to cool thrust chambers

burning these fuels with flox, and (2) to obtain experimental characteristic

velocity, sea level specific impulse, and ignition data for these propellants.

Hydrocarbon compounds and blends were selected through detailed analyt-

ical and laboratory work, followed by experimental rocket firings using

the selected fuels.

2
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SECTION I

INTRODUCTION

Requirements for upper stage rocket engines for future space missions

generally include: (1) high specific impulse, (2) high density, (3) hypergolic

ignition, (4) space storability, (5) high reliability, and (6) operation for

relatively long durations. Although many advanced propellant combina-

tions offer high performance, only a few appear practical from the stand-

point of combining high performance with reliable engine operation for

long firing times.

Thrust chamber cooling is undoubtedly the most difficult problem that

must be solved to permit reliable long duration use of any advanced high

energy propellant combination. Most high performance combinations of

interest have fluorine as the oxidizer or have an oxidizer containing a high

percentage of fluorine, either chemically combined or in solution. These

combinations are characterized by high flame temperatures and highly

reactive combustion products. Only a few of the high performance rocket

fuels under consideration have the physical properties and thermal stability

required to provide the necessary thrust chamber cooling with these oxi-

dizers. The most promising of these fuels are low molecular weight carbon

- hydrogen compounds such as methane, ethane, ethylene, and propane.

Rocket engines currently in production or under development use

ablation or regenerative cooling. Ablation cooling has inherent limits (with

regard to flame temperature, duty cycle, and engine operating time) that

make this cooling method unsatisfactory for high energy propellants under

most conditions. The temperature differential between the flame temp-

erature and the melting point of common ablative materials is almost

doubled by changing from current propellants to advanced propellants.

Because of this increased temperature difference, ablation rates are increased

beyond tolerable limits. In addition, there are the fundamental disadvan-

tages of ablation cooling, i.e., (1) nozzle throat area changes with operating

time causing thrust variation and performance loss, (2) chambers are heavy

to provide for long operating times, and (3) preflight engine testing either

significantly reduces total engine life or necessitates additional ablative

material.

Regenerative cooling is the most attractive method of engine cooling.

It provides a lightweight design, constant nozzle throat area, and no per-

formance loss. Unfortunately there are also inherent limitations to its use.

Some fuels, such as the boron hydrides, decompose so readily that tube foul-

ing will occur under almost any rocket engine conditions. Other fuels,

such as hydrazine base fuels, decompose explosively in the vapor phase,

thus limiting their applicability to a thrust and chamber pressure where

the prevention of fuel vaporization can be assured. With the light hydro-
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TABLE I. COMPARISON OF VARIOUS CRYOGENIC OXIDIZERS WITH
HYDROCARBON FUELS*

FUELS OXIDIZERS

Oxygen Fluorine Oxygen DI fluoride Flox

r r

Methane 3.52

Ethylene 2.45

Propane 2.82

RP-I 2.60

Pb, Ivac,

Ib/ft 3 sec

51.0 364

55.1 365

57.1 359

64.2 352

Pb, Ivac,

Ib/ft3 sec

4.45 61.4 408

2.68 64.8 393

2.30 68.9 394

2.55 75.7 377

r _f, IvacpI t3 sec

5.40 67.6 405

3.85 70.45 407

4.60 73.8 401

3.75 80.0 393

r Pb, Iva c,
Ib/ft 3 sec

5.75 66.1 417

3.85 66.5 409

4.50 69.8 408

3.75 . 79.2 396

*Chamber pressure = id0 psia, expansion ratio (e = 40, shifting equilibrium

The program was divided into four tasks. Task I, "Analytical and

Design Activities," included selecting the two most promising fuels for

transpiration cooling, and the two most promising fuels for regenerative

cooling, and designing hardware for use in the Tasks II, III, and IV experi-

mental tests. Task II, "Uncooled Performance Tests," consisted of short

duration uncooled rocket firings with the selected fuels. Task III, "Trans-

piration Cooling Tests," was an experimental evaluation of the two selected

fuels in a transpiration cooled thrust chamber. Task IV, "Regenerative

Cooling Tests," was an experimental evaluation of the two selected fuels

in a supplementary convectively cooled thrust chamber.

Pertinent to the flox-light hydrocarbon study, Pratt gc Whitney Air-

craft also conducted several separate Applied Research Programs, which

are discussed in this report. These programs are: (1) "Properties of Hydro-

carbon Blends," reported under Section III, Paragraph C and Appendix B

of this report; (2) "Hypergolicity Tests," Section III, Paragraph F and Ap-

pendix D; and (3) "Heated Tube Tests," Section III, Paragraph G and

Appendix E.
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SECTION II

SUMMARY

The work conducted under NAS3-4195 had two major goals relative

to the use of light hydrocarbon fuels with fluorine-oxygen mixtures. The

first goal was to select the most promising light hydrocarbon fuels for low

chamber pressure (nominal 100 psia) upper stage engines. The second

goal was to conduct an experimental evaluation of the heat transfer and

cooling characteristics of the selected fuels for both transpiration and

regenerative cooling.

The selection of the most promising fuels was to be based on: (1) the

cooling ability of the fuel, (2) theoretical performance, (3) space storability,

(4) hypergolicity, (5) handling and safety, (6) propellant cost, (7) thermal

stability, and (8) bulk density. It was shown early in the study that, because

of the similarity of the various hydrocarbon compounds, only the first three

items were of major importance to the selection of the most promising

fuels. Because of the low chamber pressure, regenerative coolants would be

at subcritical pressure, hence the possibility of film or bulk boiling was an

important consideration.

Methane was selected on the basis of superior theoretical specific

impulse and transpiration cooling capability, as one of the fuels to be

evaluated in experimental rocket firings of a transpiration cooled thrust

chamber. Because of the clear superiority of methane over other light

hydrocarbons for a 100% transpiration cooled engine, the selection of a

second fuel for evaluation with transpiration cooling was based on the

applicability of the fuel to a composite regenerative -- transpiration cooling

scheme. Propane was selected as the most desirable fuel for this type of

cooling.

To screen the most desirable fuels for regenerative cooling, coolant

merit ratings were calculated for ten light hydrocarbon compounds and eight

light hydrocarbon blends. The blend merit ratings were based on laboratory

determined eutectic diagrams. Propane, propylene, butene-1, methane, and

two eutectic blends, 14% n-pentane-86% isopentane and 48% propane-

52% propylene were selected for more detailed analytical studies and heated

tube heat transfer tests. Based on the detailed evaluation of these six fuels,

butene-1 and the eutectic pentane blend were selected as the two most

promising fuels for use in a completely liquid cooled engine. Methane was

selected as the most desirable fuel for cooling with boiling and for cooling

of higher pressure (pump-fed) engines where the coolant can be maintained

above its critical pressure in the heat exchanger.
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Using the four selected fuels (methane, propane, butene-1, and the

eutectic pentane blend) 43 uncooled rocket firings were made at a nominal

5000-1b vacuum thrust and 100-psia chamber pressure. The first full dura-

tion fiox-methane test, made with a modified RL10A-3 concentric element

injector with swaged oxidizer spuds, showed very high performance (uncor-

rected characteristic velocity efficiency = 100%), but resulted in burning

of the tips of the oxidizer spuds. Tests with RL10A-1 injectors with swaged

oxidizer spuds showed good performance at low mixture ratios; however,

at high mixture ratios the performance dropped off and oxidizer spud burn-

ing again became a problem. The spud burning problem was eliminated

by an injector modification using only half of the injector elements without

swaging.

The most significant result of the uncooled rocket firings was the low

heat fluxes encountered compared to theoretical predictions, and the cor-

relation of the ratio of the measured to theoretically predicted total heat

transfer rate to the hydrogen-to-carbon ratio of the fuel. It was found that

for butene-1 (hydrogen/carbon ratio equals 2) the total heat transfer rate

was only about 15_o of the predicted value.

With the greatly reduced heat fluxes encountered in the uncooled

tests, regenerative cooling appeared very promising. Propane and the

eutectic pentane blend were selected for a series of supplementary fuel-

cooled tests. Propane was selected because of its applicability to a composite

regenerative-transpiration cooled engine, and the pentane blend was con-

sidered to be a better regenerative coolant than butene-1. The selection of the

pentane blend over butene-1 was made, however, prior to the uncooled

butene-1 firings. Considering the even greater reduction in heat flux en-

countered in these tests, butene-I appears to be as good as, or better than,

the pentane blend for use in a fully regeneratively cooled chamber.

Thirteen tests, 7 with the eutectic pentane blend and 6 with propane

were conducted to verify the practicality of regenerative cooling. Tests

were run burning gaseous fuel and liquid flox in the thrust chamber, while

subcooled liquid hydrocarbons were supplied to cool the modified RL10

tubular chamber (nozzle area ratio reduced for sea level testing). During

the seven cooled tests with pentane the coolant flow was gradually reduced

until it was approximately three times the fuel flow to the injector or

about 30% greater than the estimated minimum flow required for pre-

vention of film boiling. Test durations were up to 30 seconds, and no hard-

ware damage was encountered. The first four propane cooled tests were of

10-see,rod duration and were made with coolant flows of approximately

three times the injector fuel flow. This was approximately twice the coolant

flow required to remain in the nucleate boiling region. A 40-second run

was then made, during which the coolant flowrate was gradually reduced.

For the last 10 seconds of the 40-second test the coolant flowrate was equal

to the fuel flowrate through the injector. Although the fuel flow was well

into the film boiling regime, as predicted by heated tube data, no hardware

damage was incurred.
6
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Twenty-two transpiration cooled 5000-1b thrust rocket firings were made

with methane and propane. As in the regeneratively cooled tests the fuel

was supplied as a heated gas and the coolant was supplied separately as a

subcooled liquid. Ten tests of up to 2.'C-second duration were made with

methane. Coolant requirements and performance losses due to incomplete

mixing between the coolant and combustion products were equal to or less

than the predicted values. Some hardware damage was encountered on the

last test; however, this was apparently due to surface irregularities resulting

from failure of the coolant supply on previous short duration runs and not

due to undercooling during steady-state operation. Twelve transpiration

cooled tests including one '30-second and four 20-second tests were made

with propane. Good correlation of coolant flowrates with analytical predic-

tions were again obtained; however, the characteristic velocity loss due to

transpiration cooling was considerably higher than predicted for propane.

No completely satisfactory answer was found for the high characteristic

velocity loss; however, it is believed that the loss could be reduced by im-

proved distribution of the coolant flow and a more uniform injector pattern.

Also, the effect of incomplete mixing on characteristic velocity does not give

a complete picture of the potential performance, because mixing and com-

bustion in the exhaust nozzle could cause the specific impulse reduction to

be substantially less than the characteristic velocity reduction.

In addition to the experimental rocket firings and heated tube heat

transfer tests, detailed experimental investigations of hypergolic ignition

of flox-light hydrocarbon combinations and the physical properties of hydro-

carbon blends were also conducted. Methane, propane, ethylene, propylene,

butene-1, and a eutectic blend of pentane and isopentane were all shown

to be hypergolic over a wide range of conditions. Eutectic freezing points

were determined for eight light hydrocarbon blends. Density and viscosity

measurements were made of eutectic blends of pentane-isopentane, propane-

propylene, and methylcyclopentane - 2-methylpentane.

Numerous conclusions relative to the application of the flox-light hydro-

carbon family of propellants to pressure-fed, upper stage rocket engines have

been drawn from the work completed to date. Many of the conclusions are

listed throughout the text of this report, particularly in Sections III and IX.

Some of the major conclusions that have been drawn may be summarized as

follows:

I. Methane is the most promising fuel for use in a fully transpiration

cooled flox-light hydrocarbon engine, and the development of such

an engine is feasible.

2. Development of a composite cooling scheme using partial regenera-

tive and partial transpiration cooling is feasible, and propane

appears to be the most promising fuel.
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3. Measured heat fluxes are well below analytically predicted values

for the flox-hydrocarbon combinations because of carbon deposi-

tion on the walls and/or free carbon in the boundary layer. This

reduction in heat flux increases markedly with decreasing hydrogen-

to-carbon atomic ratio.

4. The reduced heat flux encountered makes full regenerative cooling

with butene-1 or a eutectic blend of pentane and isopentane feasible

over a wider range of thrust and chamber pressure than predicted

theoretically. While exact limits were not determined, 100 psia

chamber pressure engines of thrust above 5000 lb appear feasible.

5. All of the flox-light hydrocarbon combinations will be hypergolic

under conditions of an ambient sea level start, and there is a strong

indication that the propellants will be reliably hypergolic during

cold altitude starts.
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SECTION III

PROPELLANT SELECTION

A. BASIS OF SELECTION

The selection of fuels for the Task II, III, and IV testing was based

primarily on: (1) the ability of the fuels to cool the nozzle and thrust

chamber, either regeneratively or with transpiration cooling; (2) the theo-

retical performance of the fuel with flox; and (3) the space storability of

the fuel when used with flox. Also considered in the selection were:

hypergolicity, handling and safety, propellant cost, chemical and thermal

stability, and propellant bulk density. The design parameters and operat-

ing ranges over which these factors were evaluated are listed in table II.

TABLE II. DESIGN PARAMETERS AND OPERATING RANGES

Parameter Design Range

Nominal thrust, lb 5000 5000 (maximum)

Chamber pressure, psia 100 50-100

Nozzle area ratio 40 6-60

c* Efficiency, % 95 90-98

Mixture ratio Optimum ___ 50% of optimum

Flox concentration Optimum for 30% to optimum %

selected fuel fluorine by weight

Coolant passage 50 (maximum) 100 (maximum)

pressure drop, psid

The initial screening of propellants was accomplished by compiling

data for a number of light hydrocarbon compounds and determining which

physical and chemical properties are important to achieve the propellant

characteristics required. It was found, as will be shown in detail later in

this report, that the theoretical specific impulse varies by about 4% for

the various hydrocarbon compounds considered. Furthermore, the com-

pounds that provide the lowest specific impulses tend to have the highest

densities, so that the performance on a mission basis shows even less vari-

ation. On the other hand, a wide variation was found in the hydrocarbon

freezing points and boiling points. A low freezing point is important for

improved space storability, while a wide liquid range (the temperature

difference between the freezing point and the boiling point) was shown

to he important for regenerative cooling.

1. CANDIDATES FOR TRANSPIRATION COOLING

All of the hydrocarbon compounds considered appear to be capable

of cooling a transpiration cooled engine. It is shown in Section III-D that

as the molecular weight of the hydrocarbon fuel increases, the theoretical

specific impulse with flox decreases. Similarly, as the molecular weight

increases the theoretical specific impulse of the unmixed fuel will decrease.
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Thus, while the performance loss associated with transpiration cooling

varies only slightly with different hydrocarbons, there is a significant trend

toward reduced performance loss (due to incomplete mixing) with increased

specific impulse. Thus, the initial screening of fuels for evaluation in a

transpiration cooled chamber can be made solely on the basis of theoretical

specific impulse and fuel freezing point. Methane, ethane, ethylene, and

propane are the four hydrocarbons with the highest specific impulse. These

four compounds also have freezing points that are satisfactory for long term

space storability (see Section III, paragraph D, and Appendix A, Page A-l).

On this basis, methane, ethane, ethylene, and propane were selected as

four fuels to be studied in detail for use in a transpiration cooled thrust

chamber. The analysis of these four fuels and the selection of two of them

for the experimental investigation are presented in paragraph H of this

section.

2. CANDID.4 TES FOR REGENERA TIVE COOLING

The ability of any particular fuel to be used for regenerative cooling

at the specified conditions is not as easily predicted as with transpiration

cooling. Coolant merit ratings, defined as the ratio of the enthalpy change

of the fuel within its liquid range (from the freezing temperature to the

temperature where the vapor pressure equals 150 psia) to the heat transferred

to the engine, were calculated for several hydrocarbon compounds as shown

in table III. The merit ratings are based on a 5000-1b thrust, 100-psia chamber

pressure, area-ratio-of-40 thrust chamber, and on theoretically predicted heat

fluxes. For heat exchanger operation at subcritical pressures, a coolant merit

rating of 1.0 is a necessary (but not sufficient) criterion for complete regen-

erative cooling without film boiling. None of the fuels listed have coolant

merit ratings above 1.0; this means that none of the fuels are capable of

completely cooling a 5000-1b thrust engine if the theoretical heat flux is

achieved. Experience with hydrocarbon fuels has shown, however, that the

actual heat flux may be considerably less than the predicted value. (This

has been substantiated further in the uncooled flox-hydrocarbon tests de-

scribed in Section VI.) The use of the coolant merit rating as shown here

was not intended to prove or disprove the cooling ability of any particular

fuel, but rather to determine which fuels appeared most promising.

In figure 1 coolant merit rating is plotted as a function of liquid range.

The graph shows that a high coolant merit rating requires a wide liquid

range. To assure temperature compatibility between the fuel and oxidizers,

thereby greatly improving space storability, no fuel was considered with a

freezing point above 200°R, the temperature at which the vapor pressure

of flox is approximately 100 psia. It can be seen from table A-I (Appendix

A) that many of the hydrocarbons with freezing points above 200°R have

wider liquid ranges than any of the compounds with freezing points below

200°R. One approach to improving the coolant merit rating while main-

taining space storability would be to depress the freezing point of hydro-

carbons with a wide liquid range.
10
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TABLE lIl. COOLANT MERIT RATINGS FOR

VARIOUS LIGHT HYDROCARBON FUELS WITH FLOX

Fuel Iw_e,( 1 ) Mixture Freezing Liquid Range Coolant
sec Ratio Point, °R to Normal Merit

Boiling Point, Rating
o R

Methane 418 5.75 163 38 0.13

Ethylene 409 3.85 187 118 0.24

Ethane 411 4.82 162 170 0.26

Methyl-acetylene 403 3.08 309 141 0.37

Propane 408 4.50 154 262 0.37

Butane 407 4.38 204 267 0.39

Propylene 405 3.85 158 248 0.41

Pentane 404 4.34 258 299 0.48

Butene-I 404 3.85 157 324 0.50

Isopentane 403 4.34 204 338 0.50

Methylcyclopentane 400 3.85 235 385 0.51

2-Methylpentane 404 4.20 215 387 0.59

(1) Based on shifting equilibrium expansion, 100 psia chamber pressure,

nozzle exit area ratio of 40, and mixture ratio for maximum specific

impulse.

Figure 1

Coolant Merit Rating vs Fuel Liquid Range
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In table IV, the hydrocarbons with freezing points below 260°R (see

table A-l) have been listed in order of increasing freezing points and divided

into three groups according to their applicability for (1) use as pure com-

pounds, (2) use in blends, and (3) use in blends in small concentrations.

Other factors such as liquid range, availability, and viscosity were then

considered to determine the propellants that should receive further study.

When two miscible liquids are blended, the freezing point of the blend

is normally depressed. The lowest freezing point for any concentration of

two compounds is termed the eutectic point. For the light hydrocarbons,

the eutectic point is always less than 40°R below the freezing point of the

pure compound with the lowest initial freezing point. As the difference

between the freezing points of the two compounds increases, the concentra-

tion of the higher freezing point compound at the eutectic point decreases.

From these considerations, it was concluded that it would not be possible

to have a blend with a freezing point below 200°R if one of the major con-

stituents of the blend had a freezing point above 240°R. If a hydrocarbon

has a freezing point between 240°R and 260°R, it may be considered for

use in a blend in small concentrations, but with freezing points above 260°R

a significant quantity of the compound could not be added to any hydro-

carbon and still yield a blend with a freezing point below 200°R.

It was decided that a minimum liquid range of 200°R was necessary for

a pure compound to yield a high enough coolant merit rating to warrant

consideration as a regenerative coolant. In considering compounds for use

in blends, the freezing point is not known until the eutectic point is found;

therefore, the boiling point was used as the criterion for determining whether

the compound is potentially useful in a blend. The minimum boiling

points considered satisfactory to warrant further study of the compound

were 400°R for group 1,500°R for group 2, and 550°R for group 3. It was

found that unsaturated hydrocarbons tended to have considerably higher

viscosities near their freezing points than saturated hydrocarbons. For this

reason, the saturated compounds were given preference in the final selection.

As shown in table IV; propane, butene-1, and propylene were selected

for further study as pure compounds; propane, butene-1, propylene, isopen-

tane, 2-methylpentane, methylcyclopentane, and n-pentane were selected for

study in blends. Methane was also selected for more detailed investigation

because of its higher performance and the possibility of its being a superior

hydrocarbon coolant in the boiling region.

12
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B. FUEL PROPERTIES

The freezing points, boiling points, critical constants and densities of

55 selected hydrocarbon compounds are shown in table A-1 of Appendix A.

The compounds shown in this table include most stable carbon-hydrogen

compounds of 5 carbon atoms or less for which property data are available,

and selected carbon-hydrogen compounds with 6 carbon atoms. Flox and

RP-I are shown in the table for comparison. Vacuum specific impulse and

coolant merit ratings have been calculated for some of the compounds and

are also shown. The data given in table A-1 were used in the initial screening

of fuels for both transpiration and regenerative cooling. Appendix A in-

cludes detailed property data for all of the fuels selected for study in the

transpiration cooling analysis, and as pure compounds or constituents of

blends in the regenerative cooling analysis. Properties of butane, methyl-

acetylene, and RP-1 are also included for comparison.

C. HYDROCARBON BLENDS

As described in paragraph A, the compounds selected for study in

hydrocarbon blends were propane, butene-l, propylene, isopentane, 2-methyl-

pentane, methylcyclopentane and n-pentane. Before this selection had been

completed, some work had also been done with methane and butane. The

approach that was followed in selecting and obtaining data for the most

promising blends was as follows:

1. The boiling points of the blends are higher than, but approach,

the boiling point of the more volatile compound; also, higher boil-

ing point compounds tend to have higher freezing points than

compounds with lower boiling points. Blends with potentially the

widest liquid range could, therefore, be selected by choosing two

hydrocarbons with similar boiling points that appeared as though

they might have eutectic freezing points below 200°R. The blends

selected were: pentane-isopentane, propylene-propane, propane-pen-

tane, methylcyclopentane-2-methylpentane, 2-methylpentane-isopen-

tane, propane-butene-1, and pentane-butene-1. Eutectic diagrams

for propane-methane, methane-ethane, and pentane-butane had

been prepared prior to this selection.

2. Eutectic diagrams were prepared for all of the selected blends

except the propane-butene-1, and pentane-butene-1. These two

blends showed very high viscosities at low temperatures that reduced

their useful liquid range and made freezing point determination

quite difficult.

3. Coolant merit ratings were calculated for all of the blends as a

function of blend concentration.

4. For the most promising blends, density and viscosity were measured

as a function of temperature.

14
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5. For a single blend at room temperature, vapor pressure was meas-

ured and compared to the theoretically predicted value for a true

solution.

The laboratory procedures employed are presented in detail in Appen-

dix B, along with freezing points and coolant merit ratings plotted as a

function of blend concentration. The eutectic concentration freezing points

and coolant merit ratings are summarized in table V. Of the eight blends

listed in table V, pentane-isopentane, propane-propylene, and methylcyclo-

pentane-2-methylpentane were selected for density and viscosity measure-

ments. The density and viscosity of these three blends at their eutectic con-

centrations are given in Appendix B. It can be seen that the methylcyclopen-

tane-2-methylpentane blend has a higher viscosity near the freezing point

than the other two blends. Furthermore both methylcyclopentane and 2-

methylpentane are expensive compared to the other light hydrocarbons

being considered, and are not readily available in large quantities. With a

requirement for quantity production undoubtedly both the cost and avail-

ability could easily be improved, but for purposes of this study it was not

considered desirable to go into a detailed evaluation of blends containing

these two hydrocarbons. Therefore, propane-propylene and pentane-isopen-

tane were selected as the two blends to receive detailed analysis for applica-

tion to a regeneratively cooled engine.

D. THEORETICAL PERFORMANCE

The theoretical performance of flox with 19 different hydrocarbons

has been calculated as shown in table VI and for 8 hydrocarbon blends, as

shown in table V. Most of these calculations were based on the mixture

ratio optimization techniques outlined in Appendix C of this report. How-

ever, complete maps of theoretical performance showing vacuum specific

impulse, characteristic velocity, and chamber temperature as a function of

mixture ratio for various fluorine concentrations have been prepared for

methane, ethylene, butene-1, propane, and the pentane blend. These per-

formance maps are included in Appendix C.

Calculations were performed to determine vacuum specific impulse

based on reaction rate limited chemical reaction during expansion. These

calculations were based on 100 psia operation of the RL10 thrust chamber

(approximately 5000 pounds vacuum thrust and exhaust nozzle area ratio

of 40). The calculations determined the magnitude of the reduction in

specific impulse due to reaction kinetics and evaluated the variation of this

effect with oxidizer-fuel ratio, percent fluorine in the oxidizer, and the

hydrogen-to-carbon ratio of the fuel. Calculations were made for methane,

propane, and ethylene at the peak specific impulse mixture ratio, and for

methane at off mixture ratio conditions, i.e., reduced mixture ratio and

reduced percentages of fluorine in the oxidizer. All of the nonequilibrium

performance calculations were made using the one-dimensional kinetic flow

deck developed for NASA by the United Aircraft Corporation Research

Laboratories under contract NAS3-2572 (Reference 1)t. The results of

these calculations are shown in table VII.

JrReferences used in this section are given in Paragraph J.
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TABLE VI. THEORETICAL VACUUM SPECIFIC IMPULSE OF SELECTED

HYDROCARBONS WITH FLOX

Fuel F 2 r for Shifting Frozen c* Tc,

for max max Ivac,Sec Ivac, ft/sec °R

Ivac, % Iva c sec

Methane 82.6 5.75 418 358 6960 7540

Ethane 78.1 4.82 411 354 6880 7530

Propane 76.0 4.50 408 353 6840 7520

Butane 74.8 4.38 407 353 6810 7520

Isobutane 74.8 4.38 407 353 6790 7510

Pentane 74.0 4.34 404 351 6770 7490

Isopentane 74.0 4.34 403 350 6750 7490

2-Methylpentane 73.5 4.20 404 351 6720 7490

Ethylene 70.4 3.85 409 353 6820 7620

Propylene 70.4 3.85 405 351 6770 7600

Butene-I 70.4 3.85 403 350 6780 7560

Methyl-propene 70.4 3.85 403 350 6770 7550

Pentene-i 70.4 3.85 403 350 6760 7550

Cis-pentene-2 70.4 3.85 402 349 6750 7540

3-Methyl butene-I 70.4 3.85 402 349 6750 7540

Cyclopentane 70.4 3.85 400 349 6700 7480

Methylcyclopentane 70.4 3.85 400 349 6690 7480

Methylacetylene 61.3 3.08 403 350 6670 7550

RP-I 69.3 3.75 396 346 6680 7470

NOTE: Pc = i00 psia, c e = 40, propellants initially at their

normal boiling point.

TABLE VII. REDUCTION IN VACUUM SPECIFIC IMPULSE DUE TO

REACTION RATE LIMITED EQUILIBRIUM DURING EXPANSION (1)

Fuel F 2 in Oxidizer/Fuel Full Kinetic gIvac, sec

Flox,% Ratio Shifting Vacuum

Vacuum Impulse,

Impulse, sec

sec

Methane 82.6(2) 5.75(2) (3) 418 404 14

82.6 4.50 405 389 16

82.6 3.00 386 366 20

70.0 5.20(3) 407 387 20

50.0 4.40(3) 392 374 18

30.0 3.85(3) 380 366 14

Ethylene 70.4(2) 3.85(2) 409 396 13

Propane 76.0(2) 4.50(2) 408. 395 13

(i) Theoretical vacuum specific impulse based on I00 psia

chamber pressure, nozzle area ratio of 40 and both

propellants initially at their normal boiling points.

(2) Values for maximum theoretical shifting vacuum specific

impulse.

(3) Peak mixture ratio for the fluorine concentration listed.
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From the methane calculations at various oxidizer-to-fuel ratios and

various percentages of fluorine in the oxidizer, it can be seen that reducing

mixture ratio, whether the percentage of fluorine is held constant or reduced,

does not reduce the loss in vacuum specific impulse due to chemical non-

equilibrium. Comparison of the ethylene and propane calculations with

methane at the peak mixture ratio shows that the carbon-to-hydrogen ratio

does not have a significant effect on m)nequilibrium losses. It may be con-
cluded from these calculations that when chemical kinetics are considered,

the mixture ratio and percentage of fluorine in the oxidizer for maximum

specific impulse are not changed significantly from the peak complete-

equilibrium values. This conclusion was considered to be true for all of

the hydrocarbon compounds of interest in this program.

Frequently in evaluation of nonequilibrium specific impulse losses, a

"sudden freeze point approximation" is used. The sudden freeze point

approximation has the advantage of greatly reduced calculation time, and

has been shown to be reasonably accurate for simple reactions such as oxygen-

hydrogen. The validity with C-H-F-O type reactions has never been investi-

gated, therefore, it was considered necessary that a comparison be made

before a sudden freezing point analysis was used. The method of calculation

used was an extension of Bray's sudden freezing point method (Reference

2) to include nonequilibrium one-dimensional nozzle flows with several

concurrent chemical reactions (Reference 3). This method of calculation

has been termed a "composite" sudden freeze point analysis. The results of

the sudden freeze point calculations are compared with conventional kinetic

flow calculations in table VIII.

TABLE VIII. COMPARISON OF SUDDEN FREEZE POINT

CALCULATIONS WITH KINETIC FLOW CALCULATIONS

Fuel F 2 in Oxidizer. Iv.,. Full Ivan, Iv,,. Composite Difference
Oxidizer Fuel Ratio, Shifting Complete Sudden Freeze Ira,,,

% r Impulse, Kinetics Point Approxi- sec
sec Calculation mation, sec

Methane 82.6 5.75 418 404 390 14

82.6 4.50 405 389 383 6

70.0 5.20 407 387 381 6

50.0 4.40 392 374 372 2

30.0 3.85 380 366 366 0

Propane 76.0 4.50 408 395 382 13

It can be seen from table VIII that the sudden freeze point calculations

give reasonably good agreement with the more rigorous nonequilibrium

calculations at low mixture ratios and fluorine concentrations, but are

grossly different near the peak specific impulse. It is concluded that because

of the complexity of the recombination reactions, the sudden freeze approxi-

mation is not valid, even with a composite type of calculation. However,

it should also be recognized that all nonequilibrium calculations are based

upon partially assumed reaction rates and reaction models that may intro-

duce errors of unknown magnitude.
18
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E. MISSION PERFORMANCE

In addition to theoretical performance and space storability, several

other factors were considered from the standpoint of their effect on mission

performance. These include: propellant bulk density, handling and storage,

and propellant cost.

I. PROPELLANT BULK DENSITY

The relative effect of propellant bulk density and specific impulse on

payload was determined by establishing a trade-off factor of the form:

{P. bu ik ,i K

Irelative = Ivac\Preference]

Where p,,f_,. ..... is the bulk density of some reference propellant and the

exponent k is determined from mission analysis. When this density corre-

lation is used, payload is proportional to the "relative impulse," i.e., higher

relative impulses will yield higher payloads for a given gross weight. Ex-

ponents determined from two representative space missions were used for

comparing the light hydrocarbon-flox propellants; these missions were the

Apollo Service Module and the Apollo LEM Descent Stage. Bulk density-

specific impulse combinations yielding equal payloads were determined

from payload maps of the form shown in figure 2. Because the absolute

values of bulk density and specific impulse affect the value of k, only values

in the range of the light hydrocarbon-flox combinations were considered.

The value of the exponent k was then determined from these density-impulse

combinations using the equation:

k = ln(I /I )/ln(p_/p,)
vac I vac2 a

<
0

<

Equal Payload

Pb_

Pb3

Pb2

Pb,

Propellant Bulk

Density

Gross Weight = Constant

AV = Constant

VACUUM SPECIFIC IMPULSE

Figure 2. Generalized Payload Map FD 9560
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Table IX shows the exponents and the relative impulse for all fuels

considered for use as pure compounds and all blends at their eutectic point.

It can be seen that the effect of the density factor is to bring the relative

impulse closer together than the vacuum specific impulse values. This makes

it even more difficult to make a propellant selection strictly on mission

performance considerations.

TABLE IX.

Fuel

RELATIVE IMPULSE FOR FLOX-LIGHT HYDROCARBON

PROPELLANTS

Vacuum Propellant Relative Impulse,

Specific Built Density, sec (3)

Impulse, Ib/ft 3 (2) k = 0.05 k = 0.20

sec(I)

Pure Compounds

Methane(4) 417.4 67.8 417.4 417.4

Propane 407.3 74.9 409.3 415.5

Butene-I 402.4 75.0 404.4 410.6

Propylene 404.5 73.9 406.2 411.5

Ethane 410.9 73.5 412.6 417.6

Ethylene 408.4 70.3 409.1 411.3

Blends

14% Pentane 402.3 75.7 404.5 411.3

86% Isopentane

52% Propylene 406.2 74.5 408.1 413.9

48% Propane

16% Methane 409.2 74.1 411.0 416.5

84% Propane

31% Methylcy- 401.7 76.9 404.2 411.9

clopentane

69% 2-methyl-

pentane

68% Pentane 404.0 75.7 406.3 413.0

32% Butane

36% 2-methyl- 402.3 76.0 404.6 411.6

pentane

64% Isopentane

55% Methane 414.7 71.0 415.7 418.6

45% Ethane

5% Pentane 407.1 75.1 409.1 415.5

95% Propane

(i) Theoretical shifting equilibrium value based on liquid fuel at its

freezing point and liquid flox at its normal boiling point, i00 psia

chamber pressure, exit area ratio of 40 and mixture ratio for maximum

specific impulse.

(2) Based on liquid fuel at the freezing point and liquid flox at its normal

boiling point.

(3) Irelative = I :Obulk )k
vac|_------ k = 0.05 is representative of an Apollo

\_ re ference

Service Module mission, k = 0.20 is representative of an Apollo LEM

Descent Stage mission.

(4) Reference propellant, i.e., Preference = 67.8 ib/ft 3.
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2. HANDLING AND STORAGE

From the data in Appendix A, it can be seen that handling and safety

procedures are similar for all of the light hydrocarbon fuels. None is more

cryogenic than flox and none is toxic, thus, no additional handling problems

are encountered with any of these fuels. In addition, the eight blends and

six pure compounds shown in table IX can all be considered space storable

and, with the exception of the pentane-butane blend, all have liquid ranges

compatible with liquid flox pressurized to 100 psia.

3. COST

Present costs for the twelve fuels considered for use as pure compounds

or blends (Appendix A) range from a few cents per pound (propane, butane)

to $3.00 per pound for 2-methylpentane. The high cost of some compounds

is due to their limited usage, and could be substantially reduced if larger

production quantities were required. The present price of a compound was

considered to be a decisive factor in selection of a fuel only if the physical

properties closely matched those of a less expensive compound.

F. HYPERGOLIC IGNITION

Only a limited amount of experimental data have been reported on

the hypergolicity of flox-hydrocarbon propellant combinations. An experi-

mental ignition program was conducted, therefore, to examine the hyper-

golicity and relative ignition delay time of the flox-light hydrocarbon com-

binations over ranges of the following parameters (1) fluorine concentra-

tion, (2) propellant precedence, (3) chamber initial pressure, (4) oxidizer and

fuel state and temperature, and (5) injector type. The fuels considered were

methane, ethylene, propane, propylene, butene-1 and a eutectic blend of

14% pentane and 86% isopentane. For comparison purposes, ignition tests

were also conducted with the gaseous fluorine-gaseous hydrogen combi-
nation.

In general, the fuels were all found to be hypergolic with flox over the

range of variables considered; however, some fuels (particularly methane)

are rather sensitive to injection conditions and can produce excessive igni-

tion delays under some conditions. The results of the hypergolicity tests

are summarized briefly in table X. The ignition program is described in

detail in Appendix D.

G. HEATED TUBE TESTS

Heat transfer tests were conducted with the six hydrocarbon fuels se-

lected for detailed study as regenerative coolants: (1) methane, (2) propane,

(3) propylene, (4) butene-1, (5) a eutectic blend of 48% propane and 52%

propylene, and (6) a eutectic blend of 14% n-pentane and 86% isopentane.

Determinations of the maximum nucleate boiling heat flux, or peak heat

flux, were made at fuel inlet temperatures from 160 to 520°R, subcritical

21



Pratt & Whitney Aircraft
PWA FR-1443

TABLE X. SUMMARY OF HYPERGOLIC IGNITION TEST RESULTS

>-,
[-..4

:D
g,r.4

Methane

Ethylene

Propane

Propylene

Butene- I

Pentane

Blend

Hydrogen

280-540 140-540 75-82.6 5.0-14.7 42 9 4-1505

540 140-540 70.4-75 5.5-14.7 15 3-515

200-540 140-540 75-76 4.5-14.7 28 3 10-477

540 140-540 70.4-100 5.0-14.7 18 - 8-500

540 140-540 70.4-75 5.0-14.7 23 5 25-994

540 140 74 14.7 15 - 20-232

540 540 i00 14.7 23 - 4-59

and supercritical fuel inlet pressures (140 to 800 psia), and fuel inlet veloci-

ties of 1.3 to 28 ft/sec. Film boiling heat transfer coefficients were also

measured for various fuel flow conditions to obtain data for prediction of

wall temperatures at conditions where the maximum nucleate boiling heat

flux is exceeded. These data were then correlated for application to the

design of cooling systems for liquid propellant thrust chambers.

The upper limit heat flux followed the expected trend of increasing at

greater degrees of subcooling and higher velocities. Butene-1 and the

eutectic pentane blend had the highest upper limit heat fluxes. All measured

upper limit values were somewhat lower than would be predicted using

existing empirical relationships such as the Griffith correlation (Reference

4). A detailed description of test procedures and results are included in

Appendix E.

H. TRANSPIRATION COOLING ANALYSIS

The four fuels selected for analytical comparison as transpiration

coolants for the complete engine were: methane, ethylene, ethane, and

propane. These compounds were selected because they have the four

highest specific impulses of the light hydrocarbon-flox combinations. Blends

were not considered because the properties that make a superior transpira-

tion coolant are diluted by the addition of another compound.

Coolant flows and performance losses were based on a 5000-pound

thrust, 100 psia chamber pressure engine with a nozzle area ratio of 40.

Coolant flow rates were based on transpiration cooling the complete cham-

ber and nozzle to maintain a 2160°R wall temperature throughout.
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Figures 3 through 10 show performance for these propellants based on

the assumptions of (1) complete mixing between the coolant and reaction

products, and (2) no mixing of the coolant boundary layer and main com-

bustion stream and a coolant boundary temperature equal to the wall tem-

perature. Data are shown to compare the fuel subcooled to its freezing

point with fuel maintained at its normal boiling point. These data are

summarized in table XI. From the table it can be seen that although the

required coolant flow is reduced by subcooling the fuel, the corrected engine

specific impulse based on no mixing is very nearly equal for both fuel

storage conditions. Vacuum specific impulse losses due to transpiration

cooling were predicted to be approximately 0.6 to 0.7% per percent of pro-

pellant used for cooling, e.g., if 1 percent of the propellant is used for

cooling the loss would be 0.6 to 0.7%, if 2 percent is used the loss would

be 1.2 to 1.4%.

Primarily on the basis of these performance data and with some con-

sideration of its good stability, handling,availability, and space storability

properties, methane was chosen as one of the two fuels for experimental

transpiration evaluation.

Because of the obvious superiority of methane over other light hydro-

carbons from the standpoint of theoretical performance and transpiration

cooling capability, it was decided to choose the second fuel not on trans-

piration cooling considerations alone, but rather on applicability to a com-

posite regenerative-transpiration cooling scheme. (See figure 11.) The

four fuels chosen for the transpiration cooling studies and the four chosen

as regenerative coolants were studied as regenerative coolants in the low

heat flux expansion section of the exhaust nozzle. Two of these fuels,

propane and methane, were in both categories. A reverse-flow heat ex-

changer configuration was determined to provide the greatest nozzle area

that could be regeneratively cooled considering both the upper limit heat

flux and coolant saturation limitations. Table XII shows the area ratio to

which the nozzle could be cooled, the percent of total propellant flow

required to transpiration cool the remainder of the chamber, and the per-

formance loss due to this cooling flow. These preliminary calculations

were performed using Bartz short form heat flux predictions (Reference 5)

and upper limit heat fluxes based on Griffith's correlation (Reference 4).

The lower heat fluxes encountered in the experimental tests would allow

regenerative cooling to lower area ratios; however, any changes in the

relative ranking would be small and would tend to increase the advantage

of the heavier hydrocarbons. Changes in the experimental values of upper

limit heat flux tend to increase the advantage of propane.
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Figure 3

Theoretical Transpiration Cooling Comparison o[

82.6% Fluorine -- 17.4% Oxygen with Methane
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Figure 4

Theoretical Transpiration Cooling Comparison of
82.6% Fluorine -- 17.4% Oxygen with Methane
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Figure 6

Theoretical Transpiration Cooling Comparison of

78.1% Fluorine - 21.9% Oxygen with Ethane
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Figure 5

Theoretical Transpiration Cooling Comparison of

78.1% Fluorine -- 21.9% Oxygen with Ethane
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Figure 7

Theoretical Transpiration Cooling Comparison of
76% Fluorine -- 24% Oxygen zoith Propane
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Figure 8

Theoretical Transpiration Cooling Comparison of

76% Fluorine -- 24% Oxygen with Propane
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Figure 9

Theoretical Transpiration Cooling Comparison of

70.4% Fluorine -- 29.6% Oxygen with Ethylene
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Figure 10

Theoretical Transpiration Cooling Comparison of

70.4% Fluorine -- 29.6% Oxygen with Ethylene
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Regenerative /-Regenerative

CoolantOutletq _ant Inlet

Transpiration T 1/ / [

Coolant In_,_ _ Regenera_ively

To Injector_! _- Tcono_ePdc_im_ _Ozzle

Figure 11. Composite Cooling Scheme FD 13485

Choice of the best fuel for a composite cooling scheme was to be based

primarily on the nozzle area that could be regeneratively cooled, and

secondarily on performance. Greater percentages of regenerative cooling

are desired because this is directly related to a simpler design, lighter

weight chamber and reduces the amount of coolant which must be injected

into the downstream section where performance loss due to incomplete

mixing is greatest. It was found that propane, propylene, and butene-1

would regeneratively cool to area ratios between 6 and 10. The selection

of one of these three fuels was not clear cut, however, because the problems

involved in designing transpiration cooled chambers to an area ratio of

10 is not significantly greater than to an area ratio of 6. Therefore, because

the delivered vacuum impulse, fuel cost, and availability favor propane it

was selected as the second fuel for transpiration cooled testing.

I. REGENERATIVE COOLING ANALYSIS

Six fuels: methane, propane, propylene, butene-1, a propane-propylene

blend and a pentane-isopentane blend were compared to determine the two

most desirable for regenerative cooling. Heated tube heat transfer tests were

conducted on each (see paragraph G). An examination of the heated tube

data and preliminary heat flux data from the methane uncooled tests showed

that: (1) none of the fuels had sufficient heat capacity to remain liquid

while cooling a complete chamber and nozzle, and (2) the heat flux exceeded

the upper limit value in the chamber section for all fuels at thrust levels

and chamber pressures of interest.
J

At this point the regenerative cooling studies did not appear promising;

however, small changes in the upper limit heat flux or hot gas film coef-

ficients could substantially affect the cooling requirements. It was decided,

therefore, to determine the modifications required to run the experimental

chamber and to determine definitely the practicality of regenerative cooling.

Candidates for liquid cooling were narrowed down to butene-1, propane,

and the pentane blend. These candidate fuels had the highest values of
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upper limit heat flux at low values of subcooling. In addition, gaseous

methane was studied for cooling the experimental chamber because the

narrow liquid range of methane made it the most suitable for vaporizing in

the low heat flux expansion section of the nozzle with subsequent gaseous

cooling of the chamber.

1. LIQUID COOLANT

Calculations were based on (1) a jacket inlet pressure of 150 psia, (9)

a jacket inlet temperature of 10°R above the liquid freezing point, and (3)

coolant upper limit heat fluxes estimated from data presented in paragraph

G. Each gas side film coefficient was estimated by multiplying the experi-

mental methane hot gas side film coefficient by the ratio of the theoretical

coefficient for the fuel being considered to the theoretical coefficient for

methane.

Uncooled methane test data showed that heat fluxes were highest near

the injector. A parallel flow coolant direction was, therefore, most effective

because the highest upper limit heat fluxes correspond to the greatest de-

gree of subcooling. Even with the coolant flow rates greater than 10 times

the injector fuel flow, none of the liquid fuels being considered could cool

the existing RL10 chambers without modification.

Because coolant velocity has a direct effect on upper limit heat flux,

calculations were repeated considering the effect of partial blockage of the

coolant flow area; this was done by inserting triangular and square shaped

wires into tile coolant tubes from the injector end. Using square wires

with the largest cross sectional area that could be inserted, it was found

that to cool with propane, the pentane blend, and with butene-l, respec-

tively, coolant flows of 5, 8, and 12 times the injector fuel flow were neces-

sary. Wires with a constant cross sectional area were found to be satisfactory

in all cases because the most stringent velocity requirements occur at the

injector end of the chamber and no reduction in the coolant flow rate could

be achieved by using tapered wires inserted further into the tubes.

The relatively better results achieved with propane over butene-1 were

due to the extrapolated effect of coolant velocity on upper limit heat flux

as determined from the heated tube tests. Two uncertainties affected the

validity of these calculations. First, the effect of coolant velocity on upper

limit heat flux was based on data obtained at much lower coolant velocities

than those used for these calculations. Secondly, the hot gas side film co-

efficients were estimated on the basis of methane tests. Later uncooled tests

showed that the heat flux used in these calculations was higher than the

actual values.
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2. GASEOUS METHANE

Gaseous methane at 537°R and an inlet pressure of 200 psia was used

in these calculations. This inlet pressure was considered to be the maxi-

mum practicable for a pressure-fed chamber; high inlet pressures permit

higher coolant flow rates to be used without choking in the tubes. Table

XIII indicates the configurations investigated in determining the required

chamber modifications. Flow area reductions were based on square wires

of the same maximum size considered for liquid cooling. Table XIII shows

that the test chamber can be successfully cooled by gaseous methane, but

with a high pressure drop. Cooling of a complete engine appears to be

practical if the methane, after boiling, enters the high heat flux region

below 537°R. The additional analysis required to assess the feasibility of

this method of cooling was beyond the scope of this program.

TABLE XIII. GASEOUS METHANE COOLING CONFIGURATIONS

Coolant Multiple, Flow Direction
¢v

c

In]

1 Parallel

2 Counter

1.5 Parallel with flow
areas reduced in

first 8 inches

1 Parallel with flow
areas reduced in
first 8 inches

1.5 Counter with flow
areas reduced in

last 8 inches

1.5 Counter with flow
areas reduced in

last 5 inches

Comments

Excessive wall tempera-

tures near injector

Flow choked before throat

section

Choked before area

transition

Flow choked before

throat - high wall

temperatures near injector

Flow choked at area

transition

Marginal success - maximum

wall temperatures of

2100°R exit pressure

75 psia

3. CONCLUSIONS

Of all the light hydrocarbons and hydrocarbon blends studied, the

eutectic pentane-isopentane blend, propane, and butene-I were the most

promising for regenerative cooling without film or bulk boiling. Cooling

with methane with boiling also appeared promising; however, investigation

of this cooling scheme was not possible because it would require that boiling

occur in the high area ratio portion of the exhaust nozzle and high area

ratio nozzle testing was beyond the scope of this program. Cooling of a

modified RLI0 thrust chamber with gaseous methane was shown to be

marginal and facilities were not available without modification. Since

propane and methane had already been selected for the uncooled ex-
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perimental rocket firings, butene-1 and the eutectic pentane blend were

selected as the other two fuels to be tested in uncooled hardware. The

selection of these four fuels not only allowed evaluation of the four most

promising fuels for transpiration cooling, regenerative cooling, or any

combination of the two cooling methods; but also provided a wide range

of physical and chemical properties. Propane and the eutectic pentane

blend were selected as the two fuels to be tested in a regeneratively cooled
chamber.
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SECTION IV

HARDWARE DESIGN

A. INJECTOR MODIFICATION

All tests with the uncooled, transpiration cooled, and regeneratively

cooled thrust chambers were conducted using modified RL10 injectors.

The injector modifications were necessary to improve combustion efficiency

with the low volumetric flow rates encountered at 100 psia operation with

the flox-hydrocarbon combinations. It was also shown from test experience

that the welds attaching the backplate of the injector to the posts that sup-

port the backplate were not fluorine-compatible in many instances. All

injector modifications made during the latter part of the program included

removing and replacing the injector backplate using fluorine-compatible

welding techniques. Figure 12 shows an RL10 injector prior to
modification.

The initial injector rework consisted of swaging the oxidizer spuds

of an RL10A-3 injector to reduce the oxidizer flow area by approximately

50%, and replacing the Rigimesh faceplate to provide a fuel annulus that

conformed to the geometry of the oxidizer spud and reduced the fuel flow

area. Figure 13 shows an oxidizer spud and adjacent Rigimesh before and
after this modification.

Testing with the swaged RL10A-3 type injector showed severe burning

of the ends of the oxidizer spuds. The swirlers in the oxidizer spuds were

believed to have contributed to the burning of the spuds. Therefore,

similar modifications were made to two RL10A-1 injectors. The RL10A-1

injectors, which do not have swirlers, are easier to swage because the spud

diameter before swaging is smaller than the RL10A-3 spud diameter.

Several tests with the swaged RLIOA-1 type injectors showed the

importance of a high propellant momentum ratio to achieve high efficiency.

Injectors with several different fuel and oxidizer orifice areas were tested.

Although one of these injectors proved satisfactory at low mixture ratios,

none of the swaged injectors were able to attain the optimum mixture ratio

without some spud burning.

A different modification was tested and shown to be satisfactory for

high mixture ratio operation. Only half the oxidizer spuds were used; the

others were welded shut. On one injector the existing stainless steel spuds

were used, whereas on another the spuds were replacd with nickel spuds.

Nickel is more compatible with fluorine, particularly at high temperatures;

its use was considered to be desirable with such heated fuels as propane

and the eutectic blend of pentane and isopentane.

Seven different modifications of four injectors, listed in table XIV,

were used to complete the program. Test results given in Sections VI,

VII, and VIII are referenced to these seven modifications by number.

39



Pratt & Whitney Rircraft 
PWA FR.1443 

Fuel Inlet-, > 

%hamber Pressure Tap 

Fuel Manifold 

Figure 12.  RLIOA-I Injector FD 1 2 7 7 7 4  
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TABLE XIV. SUMMARY OF INJECTOR MODIFICATIONS

Injector Model Serial No. No. of Type ACDfNo. Elements Elements

i RLIOA-3 HK 740 216 Swaged with I.I

swirlers

2 RLIOA-I DW 670 216 Swaged 1.6

3 RLIOA-I DW 670 216 Swaged 1.5

AC D Comments
o

0.40

0.28

0.41

4 RLI_-I IF 289 216 Swaged 1.0 0.29

5 RLIOA-I JX 767 108 Standard 0.89 0.43

A-I

6 RLIOA-I JX 767 108 Swaged open 0.89 0.44

7 RLIOA-I IF 289 108 Nickel 0.73 0.38

Same injector as 2 with

the oxidizer spuds swaged

open.

50% of elements removed.

Oxidizer backplate

replaced with fluorine

compatible welds.

Same injector as 5 except

the oxidizer spuds were

swaged open and more

accurately centered.

50% of elements on

injector 4 were replaced

with nickel spuds and

50% were welded shut.

Oxidizer backplate

replaced with fluorine

compatible welds.

B. UNCOOLED CHAMBER DESIGN

The uncooled chambers were fabricated from high purity oxygen-free

copper. Copper was selected because of its high thermal conductivity, high

specific heat, and satisfactory yield strength at elevated temperatures. The

chamber contour is similar to that of the RL10 thrust chamber. The major
dimensions are:

1. Injector diameter -- 10 inches

2. Throat diameter - 5.98 inches

3. Nozzle exit diameter -- 11.27 inches.
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This exit diameter provides an exhaust nozzle area ratio of 3.54, which is

approximately the maximum possible area ratio for sea level expansion

without flow separation for a 100-psia chamber pressure. The chamber

length is 12.35 inches from the injector to the throat; the total length is

16.85 inches. Wall thickness is 0.50 inch in a plane perpendicular to the

chamber centerline. This thickness was chosen to keep predicted maximum

wall temperatures below 1600°R and still provide good transient tempera-

ture measurements on the outside wall surface. An assembly drawing of the

copper chamber, with stainless steel mounting lugs and a stainless steel

injector mounting flange, is shown in figure 14.

The copper chamber is instrumented with 54 chromel-alumel thermo-

couples imbedded in slots in the chamber outside surface. Thermocouples

are placed every 30 degrees around the throat section and also along a line

at the top of the chamber. The imbedded thermocouple wires are copper-

flame sprayed to provide high conductivity and strong junctions. The

thermocouple installation is shown in figure 15a. The chamber is wrapped

with an insulation blanket and given a protective glass-fiber coating. The

insulation is necessary to maintain a heat balance for data reduction. The

completed chamber is shown in figure 15b.

C. TRANSPIRATION COOLED THRUST CHAMBER DESIGN

The transpiration cooled thrust chamber was designed with eight

segments of approximately equal length to permit local variation of coolant

flow. The segments were held in position by a stainless steel cylinder and

clamped at the exit to prevent axial movement. The exit clamp and flange

also served as a junction point for segment temperature and pressure con-

nections. Each segment was machined to permit both axial and radial

coolant flow throughout the chamber. An assembly view of the complete

chamber assembly is shown in figure 16. The predicted and required

cooling flows for methane and propane are shown in figures 17 and 18.

Figure 17 shows predicted coolant with the orifices sized for constant back

pressure on the Rigimesh, and figure 18 shows the required flowrate and

resulting back pressure for an optimized distribution.

Rigimesh liner material capable of satisfying the flow requirements was

available in many combinations of thickness and number of mesh layers.

Material selection was thus largely dependent upon strength requirements

under operating conditions, the most stringent of which was at the weld

joining the Rigimesh to adjacent parts of the chamber. (See figure 19).

Design studies were made using 8-layer 12 x 64 mesh material, which had

previously been used to establish coolant flows. These studies showed that,

although the greatest stress occurred during shutdown at the segment to

Rigimesh weld, it was less than the maximum permissible. Using the

strength and cooling requirements as criteria, 0.120-inch thick, 8-layer,
12 x 64 mesh material was selected.
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I 

Figure I5a. Uncooled Chamber with Thermocouple Installation Completed FE 46722 

Figure 15b. Complete Uncooled Chamber with Fiberglas Covered FE 46884 
Insulation 
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Figure 19. Segment Weld and Thermocouple Installation FD 12774

Because of the need to vary coolant flow along the chamber length,

the transpiration chamber was divided into eight sections approximately

2 inches long. Each section consists of a stainless steel segment and a Rigi-

mesh liner, as well as temperature and pressure measurement provisions.

The liner was formed to the proper inside diameter and hand-fitted to the

segment before mating the segment and liner by butt-welding. Also, the

liner was spiral-welded thus allowing coolant to flow over the weld (pre-

venting hot spots). Both welds were permitted to penetrate through only

part of the Rigimesh, allowing coolant to flow over the entire Rigimesh
face,

Segments were made from individual solid pieces of stainless steel,

machined to provide axial and radial coolant passages. Coolant flow to

the Rigimesh was controlled by eight orifices around the OD of each

segment. The orifices could be drilled to any desired diameter up to 0.150

inch, and could be changed as required to vary the Rigimesh inlet pressure.

The eight sections were constructed so that the downstream edge of any

two adjacent liners was always at least 0.005 inch greater in diameter than

the preceding edge. This feature ensured that there would be no exposed

edges as the expanding gases proceeded toward the exit. Rigimesh thermo-

couples were installed by machining a radial slot from ID to OD, inserting

the thermocouple, filling the slot with braze, and machining it smooth

(figure 19). Both sides of each segment were then coated with copper,

0.001-0.003 inch thick, to provide better sealing between segments.

The eight sections were stacked in a stainless steel cylinder. The

injector end of the cylinder was welded to the injector flange, which is

machined to accept standard RI,10 injector seals and clamps. The segments

were held in place at the exit end by a flange bolted to a second flange

welded to the exit end of the cylinder. Sealing was provided between the

flanges and between the flange and first coolant section by aluminum
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O-rings. This retaining flange also acted as an instrumentation terminus,

which was drilled and machined to accept 20 subminiature thermocouple

connectors. These connectors, held in place by epoxy, provided great

flexibility in the handling and assembly of the chamber.

Instrumentation consisted of 16 chromel-alumel metal-sheathed

thermocouples, 3 Rigimesh upstream pressure taps, and coolant inlet tem-

perature and pressure measurements. The 16 Rigimesh thermocouples were

0.040 inch in diameter, tapered to 0.020 inch at the junction; 14 of these

provide chamber ID temperatures and 2 provide liner OD temperatures.

The ID thermocouples were installed after the cooling segment and liner

had been welded together. A small hole approximately 0.050 inch in

diameter was drilled through the segment cover at a 45-degree angle and

about halfway through the Rigimesh. The 0.050-inch hole was then tapered

to 0.025 inch and drilled through. The junction was then brazed to the

Rigimesh. The thermocouple was then led to the chamber OD through

the radial slot cut in the segment. Chamber ID temperatures were measured

in one location at the first, third, fourth, fifth, sixth, and eighth segments.

At the second and seventh segments they were measured in four locations,

90 degrees apart. The Rigimesh OD temperature was measured at the third

and sixth segments by welding the junction to the liner OD after forming

but prior to welding to the segment. The metal-covered sheath was then

fed through the 45-degree segment hole and out the radial slot to the

chamber OD. All thermocouple wires at the segment OD were distributed

around the circumference and led to the flange-mounted instrumentation

ring through the coolant passages. Rigimesh upstream pressure was

measured on the second, fourth, and eighth segments.

D. REGENERATIVELY COOLED THRUST CHAMBER DESIGN

The regeneratively cooled thrust chamber design was a basic RL10A-1
chamber cut off downstream of the throat. A coolant manifold was then

installed, giving an expansion ratio of 3.54. (See figure 20). Coolant flow

in either direction was possible with this design. The chamber was subse-

quently modified to incorporate tube fillers as a means of increasing

coolant velocity in the tubes. These fillers, constructed of copper and

twisted one turn per inch of length, were inserted into all 180 chamber

tubes. They extended approximately 8 inches into the tube and were

twisted to provide coolant mixing, thus preventing hot spots. The swirlers

were held in position by first brazing a length of 0.030-inch diameter wire

to the swirler and then welding the wire at the injector end.
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SECTION V 

ROCKET TEST FACILITY 

All rocket chamber firings made under Contract NAS3-4195 were 
conducted in stand B-27 of Pratt PC Whitney Aircraft's Liquid Propellant 
Research Facility. The  propellant supply system components for this stand 
are shown in figure 21. All tests used gaseous fuel injection, supplied from 
a 700-gallon run  tank. This tank has an insulated outer and an inner jacket 
that is heated by a circulating heated oil system. The  fuel run line also has 
a high-temperature circulating oil jacket and insulated outer jacket. The  
system is capable of handling gaseous fuels at temperatures u p  to 950"R 
and pressures up  to 800 psig. Methane, propane and a eutectic pentane 
blend were supplied from this tank at super-critical temperatures. 

\ Insulated ~- 
Coolant 

Condensing 
Tank Fuel Kun 

Tank / Thermal Oil 

I "  
S 

ic 

Figure 21. Propellant Supply Area FD 10567 

The  liquid flox was supplied from a 500-gallon, vacuum-jacketed, 
roadable dewar. The  dewar has an operating pressure of 300 psig and a 
liquid nitrogen cooling coil to maintain the oxidizer in the liquid state. 
T h e  oxidizer run line is liquid-nitrogen jacketed. 

T h e  liquid hydrocarbon coolant was supplied from a 250-gallon, liquid 
nitrogen jacketed dewar with a maximum operating pressure of 300 psig. 
T h e  liquid nitrogen jacket could be operated at pressures up to 100 psig, 
thereby providing temperature control of the coolant tank from 140"R to 
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184°R. Control of the jacket tank temperature was used to liquefy gaseous

methane for the transpiration cooled tests as well as for temperature con-

ditioning of all hydrocarbon coolants prior to running. Coolant run lines

were vacuum jacketed and were precooled with liquid nitrogen prior to

testing.

The automatic propellant control system consists of servo-operated

control valves, an analog computer and a digital sequencer. The auto-

matic fuel and oxidizer portions of the system are illustrated schematically

in figure 22. Through the analog computer, the valve controlling" reference

is selected as (1) downstream pressure control, (2) flow control, or (3)

chamber pressure control. A position control mode (not shown on the

diagram) was also used during the start transient on many of the tests to

prevent abrupt changes in valve position during the transition from gaseous

to liquid oxidizer as the oxidizer inlet line cooled down. The digital

sequencer can be programed in one-millisecond intervals to operate any

one of 40 relay channels over a maximu-_ time interval of 2000 seconds.

This unit provides for desired valve operation before and after firing,

initiation and shutdown of the test, and timing of controlling parameter

changes during test in conjunction with the analog computer. By inter-

rogation of preselected go/no-go parameters the test is allowed to proceed

for the programed duration or advanced to a controlled abort shutdown.

P
Pressure

Fuel _ F_

(SET) 1 I

Prezsure I I
Fuel

(ACT)

Fuel
Flow

Input

(ACT) !PC &

 nput _ ;rI__. T(SET) |

PC Input x I ,,^,....__,-- I

(ACT) --_C _'_

Oxidizer
Flow

Input

(ACT)

Pressure
Oxidi_r _ •
(SET) _ P

Fuel Control Valve

+Wp

TOT

-W L

P = Pr_sure Control

F = Flow Control

PC = Chamber Pressure Control

Wp = Propellant Flow

O= Signal PointError Generation

• = Summing Junction

(ACT) ffi Engine Signal

(SET) ffi Required Signal

Oxidizer Control Valve

Figure 22. Automatic Flow Control System
FD 8201

Over 100 instrumentation channels are available for each test. Re-

corded data included pressure, temperature, thrust, and flow. The data

recording system consisted of a 96-channel low-level multiplex system with

digital tape recording, high speed recording oscillographs, strip chart re-

corders, and a 14-channel high speed tape recorder for high frequency

measurements. Digital data was processed and reduced to engineering units

by an IBM 7090 computer.
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SECTION VI 
TASK II - UNCOOLED PERFORMANCE AND HEAT 

TRANSFER TESTS 

A. TEST DESCRIPTION 

A total of 43 uncooled firings were conducted: 26 with methane, 6 
with propane, 5 with a pentane blend (8670 isopentane - 14y0 n-pentane), 
and 6 with butene-I. The  uncooled chamber is shown mounted in the test 
facility in figure 23. During the initial tests, severe injector burning prob- 
lems were encountered. Several design modifications were included in later 
injectors and this problem was eliminated. N o  other recurring problems 
were encountered in the uncooled testing. T h e  following paragraphs 
describe each of the tests and the injector modifications included. 

Miscellaneous Fuel Inlet Fuel Inlet Line 
Throat Plug I Transducers Temperature Probe 

Thrust Bed Flox Inlet Line Chamber Uncooled 
Pressure Tap Chamber I 

Thermocouple Leads 

Figure 23. Uncooled Chamber Installed i n  Stand FD 10570 
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1. METHANE TESTS (FLOX WAS 82.6% FLUORINE

UNLESS NO TED)

Test No. 1 -- This test was a scheduled 0.40 second ignition check (time

measured from start signal to beginning of oxidizer ramp down). From the

oscillograph recording, ignition was clearly shown at 65 milliseconds after
the first indication of movement on the oxidizer run valve and oxidizer

injector manifold pressure traces. Actual ignition delay would be some-

what less than this by the fill time of the oxidizer side of the injector. During

this short run the flox was vaporizing in the inlet line and liquid flox flow

through the injector was not obtained. The start-transient with the gaseous

flox was smooth without sharp pressure peaks. Injector No. 1, an RL10A-3

injector with swaged oxidizer spuds to reduce the oxidizer flow area and a

new Rigimesh faceplate to reduce the fuel flow area, was used for this test.

(See table XIV). There was no damage to either the injector or the copper

chamber.

Test No. 2 -- This test was a 2-second test using the same hardware as

test No. 1. The control system for this test was set to open the run valves

over a 0.5-second interval by feedback from the run valve downstream

pressure. The control system then remained in this pressure control mode

for an additional 0.5 second. After 1.0 second the control system switched

to flow control, i.e., controlling from the Ap of the flow measuring devices.

With only gaseous oxidizer flow into the chamber at the start of the test the

chamber pressure, and hence the valve downstream pressure, remained low

and the valve opened completely during pressure control. This caused the

oxidizer flow rate to be very high and resulted in a high mixture ratio. The

measured performance for this test was satisfactory during transient condi-

tions about 1.2 to 1.4 seconds after test start. At 1.4 seconds the performance

declined sharply.

Approximately 30% of the oxidizer spuds were badly burned. (See

figure 24). It is believed that the majority of this burning occurred at about
1.4 seconds after the test start and that this accounted for the sudden decline

in performance. The cause of the burning has been attributed to a com-

bination of the following four factors.

1. This particular injector was badly dished from previous RL10

tests. This made it difficult to control the gap between the oxidizer

spud and the Rigimesh so that insufficient cooling of the spud may

have occurred in some places. Also, because of the dished effect,

several of the spuds were appreciably below the Rigimesh surface

and these seemed to burn more readily than those that were flush

with or above the surface of the Rigimesh.

2. The high mixture ratio during the start-transient provided a much

more severe condition than normal operation.
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3. T h e  swirlers apparently contributed to the damage because none 
of the inner and outer row spuds, which did not have swirlers, 
were burned as badly as many of the spuds with swirlers. 

T h e  swaging operation left a rather rough surface on the tips of 
the spuds that may have been more susceptible to fluorine than 
a smooth surface. 

4. 

Figure 24. RLIOA-3 Injector after Test No.  2 FE 47785 

Test No. 3 - This test was conducted to compare a swaged RLlOA-1 
injector (injector No. 2) with the RL10A-8 injector tested in test No. 2. 
The  RLlOA-1 injector had no swirlen and the original spud diameter was 
smaller, therefore the swaging did not roughen the surface as much. The  
centering of the spuds within the fuel annulus was also much better than 
the first injector. The  control system was changed to switch from pressure 
control to flow control at 0.45 second instead of 1.0 second to prevent the 
high mixture ratio during start. This test was advanced to the shutdown- 
transient after 1.0 second by a low chamber pressure signal to the abort 
system. The  difficulty was caused by a longer start-transient resulting from 
the early change over to flow control. 
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Test No. 4 -- The same hardware and control scheme as test No. 3

were used. The only change was increasing the timing of the low chain-

ber pressure advance to be activated if chamber pressure did not reach 50

psia at 1.5 seconds. Test duration was 2 seconds. Post-test inspection showed

a slight burning that enlarged the inside diameter on three oxidizer spuds;

otherwise no change was found.

Test No. 5 -- Prolonged oscillation of the oxidizer run valve after the

start-transient in test No. 4, necessitated a change in the oxidizer start con-

trol mode. The control was programed to ramp up on position control of

the oxidizer run valve to be 40% open at 0.45 second, hold at 40% for 0.85

second and switch to flow control at 1.3 seconds. The fuel start control was

not changed. Both fuel and oxidizer controls were changed to ramp down
on flow control. Test duration was 2.5 seconds and no further burning of

the injector spuds was noted.

Test No. 6 -- This test was programed for a mixture ratio of 4.03 com-

pared to a mixture ratio of 5.18 for tests No. 1 through 5. Test No. 6 was

automatically advanced to the shutdown mode at 1.0 seconds. The advance

was due to the burnwire being intact at the end of this time. The burn-

wire is a weighted wire hung across the nozzle exit. If this wire has not

burned through at some set time the test is automatically advanced to shut-

down. From the data it was determined that ignition did occur; however,

at the lower mixture ratio the burnwire required more time to burn. The

sequencer was reset to sample the burnwire at 1.5 seconds.

Test No. 7 -- This test was conducted at the same conditions as test

No. 6 with the exception of the increased burnwire sampling time. Test

duration was 4 seconds. The test was stable and resulted in efficiencies of

about 93%. An oscillograph trace of this test is shown in figure 25.

Test No. 8 -- The same control sequence used for tests No. 6 and 7

was used for this test. Mixture ratio was increased to 4.60. Test duration

was 4 seconds. Combustion efficiency decreased slightly from test No. 7.

Test No. 9 -- The only change between this and the previous two tests

was increasing the mixture ratio to 5.18. The test was stable; however,

combustion efficiency was lower than test No. 8.

Test No. 10 -- This was of 4.0 seconds duration using injector No. 3.

This was the same as injector No. 2 used for tests No. 3 through 9, except

prior to this test, the oxidizer spuds were opened to provide lower oxidizer

velocities and higher fuel velocities than those obtained with injector No. 2.

This modification had a substantial effect on injector performance, and the

resulting efficiencies were the highest obtained to date with an RL10A-1

type injector.
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Test No. 11 - Two instrumentation failures during this test ,resulted 
in severe hardware damage. Incorrect control signals from the fuel orifice 
(because of an incorrect transducer hookup) and from the oxidizer nozzle 
(because of transducer damage during the start-transient) caused the fuel 
valve to open fully at 0.40 second after start and the oxidizer valve to close 
at 1.30 seconds. Fuel was forced into the oxidizer manifold because of tran- 
sient conditions resulting from the control failure, as well as an aspirating 
effect of the concentric injector orifices (which caused evacuation of the 
oxidizer manifold under high fuel and low oxidizer flow conditions). Re- 
sulting damage to a section of the injector backplate (figure 26) was re- 
paired and the injector was used in later tests. After test No. 11 the follow- 
ing actions were taken to prevent future similar control system failures. 

Figure 26. Injector 3 after Test  No.  11 FE 47975 

1. A higher range AP transducer was installed on the oxidizer nozzle 
to prevent overscaling during the start-transient. 

The  nitrogen purge through the oxidizer inlet was set to open 
automatically whenever the valve position dropped below syo open. 
This control on the purge valve is in addition to the automatic 
sequencing of the valve previously used. 

T h e  nitrogen pressure used for the oxidizer purge was increased 
from 25 to 40 psia. 

2. 

3. 
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Test No. 12 -- Injector No. 4 was used in this test (4.0 seconds dura.

tion). Both oxidizer and fuel flow areas were smaller than those of injector

No. 3 used in test No. 10. The fuel-to-oxidizer velocity ratio was approx-

imately the same. The characteristic velocity efficiency for the run was low;

12 oxidizer spuds were burned below the surface of the Rigimesh.

Test No. 13 -- The same injector was used in this test as in the previous

test. A lower mixture ratio (r = 4.03 as compared to 4.92) provided higher

injector velocity ratios and the characteristic velocity efficiency increased

significantly. Six more oxidizer spuds were burned below the surface of the

Rigimesh.

Test No. 14 -- With the injector utilized in the previous two tests was

again employed. At the higher mixture ratio used in this test (r __ 5.67)

the efficiency again dropped off and 36 more spuds were burned below the

surface of the Rigimesh. During shutdown a small oxidizer leak developed

in the rear of the injector around one of the plate supporting post welds;

this failure has been attributed to a poor weld penetration at the post weld

and a chemical reaction around it, causing a local overpressure at that loca-

tion. This injector was later repaired and used in the propane and pentane

blend tests (Injector No. 7).

Test No. 15 -- Injector No. 3, which had been damaged during test

No. 11, was repaired and used in this test. The fluorine concentration in

the oxidizer was 55%. The mixture ratio, higher than planned (r z 5.10

instead of 4.75), coupled with a fluorine concentration lower than expected,

resulted in a mixture ratio slightly higher than stoichiometric (as the
fluorine concentration is decreased the stoichiometric mixture ratio is also

lowered). High combustion efficiency was obtained. In addition, ignition

was hypergolic and smooth despite the lower fluorine concentration and

there was no carbon deposited on combustion chamber walls as had oc-

curred in all previous tests.

Test No. 16 -- In this test, the same injector used in the previous test

was employed, and the flox concentration was increased to 70%. Combus-

tion efficiency was good (although lower than that in test No. 15). There

was a heavy carbon deposit on the chamber walls.

Test No. 17 -- The flox concentration was increased to 82%. Injector

No. 3 was again used. Tests No. 15, 16, and 17 demonstrated the suitability

of this injector for providing high performance at low mixture ratios with-

out injector damage. The injector was removed after this test and used for

initial low mixture ratio firings of the transpiration cooled chamber.

Test No. 18-Injector No. 5 incorporating the modifications listed

in Table XIV was used. Duration of this test was 4 seconds. No injector

damage was visible; however, performance was not as high as expected.
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Test No. 19 -- This was another 4-second test using injector No. 5.

Again there was no visible change in the injector. Performance was not

improved.

Test No. 20 -- This test (using injector No. 5) was made at the peak

mixture ratio for flox-methane. There was no injector damage. After this

test the injector was removed for modification of the spud flow areas in an

attempt to improve engine performance.

Test No. 21 - Prior to this test, injector No. 5 was swaged to increase

the oxidizer flow area, thereby decreasing the fuel area and increasing the

fuel-oxidizer velocity ratio. The identification number after modification

was changed to injector No. 6. The data indicate that combustion efficiency

was approximately 4% higher after the swaging operation.

Tests No. 22, 23, 24 -- These were all normal 4-second methane runs

at 82.6% fluorine in the flox. Chamber pressure was steady. No hardware

damage was noted.

Tests No. 25 and 26 -- These two tests were conducted using 90%

fluorine in the flox. Chamber pressure was steady and combustion efficien-

cy was good. No hardware damage was noted.

2. PROPANE TESTS (FLOX WAS 75% FLUORINE FOR

ALL PROPANE TESTS)

Test No. 27 -- This was a 2.7-second propane ignition check. The con-

trol sequence used for all propane tests was identical to that initiated after

methane test No. 4. Injector No. 7 was used. This was a rebuild of injector

No. 4, which was used in methane tests 12, 13, and 14. Modifications in-

cluded: (1) reducing the number of injector spuds from 216 to 108, (2) using

nickel oxidizer spuds and (3) incorporating 100% penetration-fluorine welds

on the injector backplate. Propane ignition was smooth.

Tests No. 28, 29, 30, 31, 32 -- These were normal 4-second propane

runs. No hardware damage was noted.

3. PENTANE BLEND TESTS (FLOX WAS 75% FLUORINE

FOR ALL TESTS)

Tests No. 33, 34, 35, 36, 37 -- These were all 4-second runs. The pen-

tane blend tests were conducted with the same control sequence used for

the later methane tests and all propane tests. All pentane blend tests were

characterized by a fuel-rich start-transient. It is believed that this could

have been eliminated by a controls sequence change; however, the pres.
sure overshoot was not considered deleterious to hardware or test data and

no controls changes were made. The same injector (injector No. 7) used

in the propane tests was used in all pentane blend tests. Figure 27 is a post-

run photograph showing carbon soot formation on the chamber walls after

the series of tests. 60
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Figure 27. Soot Formation on Uncooled Chamber after 
Tests No.  27 through 37 (View from Injector End)  

FE 50548 

4 .  BUTENE-1 TESTS  (FLOX W A S  70.4y0 F L U O R I N E  
F O R  ALL T E S T S )  

Tests No. 38, 39, 40, 41, 42, 43 - These uere all 4-second runs. The  
butene-1 tests were conducted with the same control sequence used for all 
uncooled tests after test No. 4. The start-transient  vas \ery similar to that 
encountered in the pentane blend tests. As in thwe tests, the fuel-rich start 
was not considered important to test rerults and the control sequence was 
not changed. The  same injector (injector No. 7) used in the propane and 
pentane blend tests was used for all butene-1 tests. 

B. DATA REDUCTION 

Measured performance parameters were recorded every 0.0 125 second. 
Every eight scans of recorded data were averaged to provide an average data 
value for each 0.10 second interval. These average values were then used 
in determining the calculated performance parameters and efficiencies 
every 0.10 second over the stable portion of each run. 
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The following is a list of symbols and subscripts utilized in the follow-

ing calculations.

A
e

A t

CF

Cp

C
s

c*

fe

F

go

Isl

I
vac

P
a

P
c

PT

r

"n

A

!

2
Nozzle Exit area, in

2
Throat area, in

Thrust coefficient

Constant pressure specific heat Btu/ib -°R
' m

Stream thrust coefficient

Characteristic exhaust velocity, ft/sec

Nozzle exit to throat area ratio, Ae/A t

Thrust, Ib
2

Gravitational constant - 32.174 ib -ft/ibf-secm

Sea level specific impulse, Ibf-sec/ib m

Specific impulse at Pa = 0, ibf-sec/ibm

Ambient pressure, psia

Chamber pressure, psia

Chamber pressure corrected for momentum loss, psia

Mixture ratio, (oxidizer/fuel)

Flow rate, ib /sec
m

Efficiency

Indicates difference

Indicates theoretical value

Subscripts:

vac

(cs)
(cor)

o

f

Value at P = 0
a

Corrected for C
s

Corrected for momentum loss, heat loss, and C
s

Oxidizer

Fuel

Propellant

The thrust coefficient was calculated from test data as follows:

F
CF - A P

t c

(1)
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The experimental thrust coefficient was compared to a theoretical
value calculated as follows:

F F+PA
vac a e F PaEe

CFvac - _ = --A t P A e At P + e (2)c t c e c

for these test A t -- 28.2 square inches and _ -- 3.54. Also from the above:

3.54 P

= CFva c aCF - e (3)
c

For the flox-LPG combinations considered in the range of mixture

ratios and chamber pressures of interest, the use of constant value of 1.597

for theoretical CFv,e introduces negligible error. Thus, using P, = 14.696

psia:

CF' = 1.597 51.726p (4)
c

where the prime denotes a theoretical value.

The value of C F may be corrected for nozzle friction and divergence

losses through use of a calculated stream thrust coefficient efficiency, C_.

CF
vac

c - (5)
s C F

vac

For nozzles with a 30-degree half angle and area ratio of 3.54, C_ has

been calculated to be 0.905. These calculations were based on the method

of characteristics including effects of wall friction. Values of C_ calculated

by this method have proved to be quite accurate in numerous research and

development programs. Thus:

51.726!

CF = 1.4453
(C s) Pc

(6)

Characteristic exhaust velocity is calculated in two ways:

At go P 907.31 Pc c

C'Pc - _p _p

(7)
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The subscript i,_ is used to denote that c* has been calculated from

chamber pressure. For comparison, c* may also be calculated from thrust

measurements by assuming that a theoretical C F corrected for nozzle diver-

gence and friction losses is an accurate estimate of the experimental C_,.

I gos

c*F - C_ (Cs)

(8)

Equation (6) indicates that small changes in v_ have only a small effect

on c* r. c* r is proportional to thrust, hence comparison of c* r and c'v,. pro-

vides a check on the consistency of the thrust and chamber pressure

measurements.

The theoretical performance data (prime superscript) used for com-

parison with measured data was based on propellant enthalpies correspond-

ing to the actual propellant inlet conditions.

For calculating sea level specific impulse:

P A
' = I ' a e

Isi vae W (9)
P

At Pc go
_z - (lO)

p c*

c _Pa_e c*
' = I - I - 1.6078-- (II)

Isl vac go P vac Pc c

correcting I,.,_' for stream thrust coefficient efficiency

c _

I ' = 0.905 1 ' - 1.6078___ (12)
sl (Cs) vac c

The following efficiencies were then calculated:

C*p
c

qlc,P = c* w

c

c*f

l]c, = c.----T-
F
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CF

_CF = CF---T-

In estimating the performance of a propellant in an ideal engine, it is

assumed that burning takes place at zero velocity. In an actual engine there

is a loss in total pressure because burning takes place at velocities other than

zero. Momentum losses were calculated over the range of mixture ratios

and chamber pressures of interest. From these calculations it was deter-

mined that the total pressure after burning may be found with sufficient

accuracy from:

PT = 0.974 Pc

Heat lost to the engine walls was calculated from the rate of tempera-

ture rise of the chamber skin thermocouples. This heat loss was then ac-

counted for by adjusting the propellant inlet enthalpies in calculating theo-

retical performance values.

The efficiencies shown below were then calculated using theoretical

and experimental values corrected for momentum loss by replacing P,. with

P_ in all calculations, basing the theoretical values on corrected inlet en-

thalpy, and correcting for nozzle divergence and friction effects through the

use of 1,1 (Cs) and C/(C,) in place of I_ and C/.

C*p
C

]]C*e (cor) = --c*'

c*F

]]c*F (eor) - c*'

I
sl

_I (cor) - '
s Isl (c s)

CF

l]CF (cor) - CF'
(c s)

C. TEST PERFORMANCE

Table XV presents measured performance data for all uncooled tests,

table XVI presents performance data calculated from the preceding equa-

tions, and table XVII contains injector performance data. Poor agreement

between _/c*ve and _TC*F in tests 4 through 10 was attributed to nozzle

separation. After test number 10 the propellant flow rate was increased by

10% to raise chamber pressure and prevent separation. There was satis-

factory agreement between performance based on chamber pressure and

thrust in most of the tests having a chamber pressure above approximately

105 psia. 65
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Figure 28
Flox-Methane Uncooled Test Results (Characteristic

Velocity EIliciency vs Mixture Ratio)
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Characteristic velocity efficiency has been plotted as a function of mix-

ture ratio, velocity ratio, and momentum ratio for methane (figures 28

through 30), propane (figures 31 through 33), the pentane blend (figures 34

through 36), and butene-1 (figures 37 through 39). The propane and pen-

tane blend curves also present data from the regeneratively cooled tests. It

can be seen from these figures that for a given injector a satisfactory linear

correlation was obtained between characteristic velocity efficiency and any

of the other three parameters.

From the tests completed prior to test No. 18, three conclusions were

drawn regarding injector performance.

1. Increasing the fuel and oxidizer velocity did not improve the in-

jector efficiency unless a substantial increase in fuel-oxidizer

velocity ratio resulted. This was determined comparing the effi-

ciencies and injector velocity ratios from tests No. 10, 12, 13, and

14. (Refer to table XVII.) Surprisingly, it was indicated that for

a given velocity ratio a low oxidizer velocity is desirable.

2. A high oxidizer velocity contributed significantly to increased

oxidizer spud burning. Swaging the oxidizer spuds appeared to

increase spud burning. In the first 17 tests the six spuds in the

row closest to the center of the injector were not swaged; none of

these unswaged spuds were damaged.

3. The welds around the posts of tile oxidizer cavity of the injector

were not satisfactory for reliable fluorine service. (This conclu-

sion is based upon the injector failure that occurred during test

No. 14.)

On the basis of the above conclusions, injector No. 5 (JX767-1) was

modified as follows:

1. The injector backplate was removed and replaced using welds

suitable for fluorine service.

2. Oxidizer spuds were not swaged.

3. The number of spuds was reduced by 50% to maintain a reason-

able pressure drop through the orifices. (While the backplate was

removed, half of the oxidizer spuds were plugged with fluorine

compatible welds.)

4. The width of the fuel annulus around each oxidizer spud was re-

duced to an average value of 0.018 iflch. (This was done to pro-

vide a fuel-to-oxidizer velocity ratio from 20 to 30 for the flox-

methane tests.)

This injector (injector No. 5) was used in tests 18, 19, and 20. Data

for these tests in table XVII show that the performance of this injector

was not as high as expected; however, tile condition of the oxidizer spuds

after these high mixture ratio tests proved the structural stability of this

design. After test No. 20 the spud flow areas ill this injector were modified

to increase the velocity ratio by decreasing the oxidizer velocity. The in-

jector (No. 6) was then used for uncooled flox-methane tests No. 21 through

26, and later for transpiration cooled tests. After this latter modification

the characteristic velocity efficiency was increased approximately 2%.
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Figure 29

Flox-Methane Uncooled Test Results (Characteristic

Velocity Efficiency vs Velocity Ratio)
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Figure 30

Flox-Methane Uncooled Test Results (Characterislic

Velocity E[ficiency vs Momentum Ratio)
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Figure 32

Flox-Propane Test Results (Characteristic Velocity

Elficiency vs Velocity Ratio)

FLOX IS 757, F2
.............. 7

] I ........ :95

[ ._-°

_. - -s-s

M
m

i : 80

....... 75

......... 0 L

0

• ": .................. :,'- T- .

NOTE:

1

l
_c_p is based, on chamber / : :I

I

injector--7 (_e tab_e:XIV)i ........ -j
.... i

0 Uncooled TeSts " "

.......... __ :--Regenerativety Coolea T_ests .......................

]

........ ii

; ]

}

DF 39446

Sheet 2 of 3

74



Pratt & Whitney Aircraft
PWA FR-1443

Figure 31

Flox-Propane Test Results (CharacteriStic Velocity
Efficiency vs Mixture Ratio)
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Figure 33

Flox-Propane Test Results (Characteristic Velocity

Efficiency vs Momentum Ratio)
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Figure 34

Flox-Pentane Blend Test Results (Characteristic

Velocity Efficiency vs Mixture Ratio)
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Figure 35

FIox-Pentane Blend Test Results (Characteristic

Velocity E[[iciency vs Velocity Ratio)
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Figure 36

Flox-Pentane Blend Test Results (Characteristic

Velocity Efficiency vs Momentum Ratio)
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Figure 37

Flox-Butene-1 Uncooled Test Results (Characteristic

Velocity Efficiency vs Mixture Ratio)
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Figure 38
FIox-Butene-1 Uncooled Test Results (Characteristic

Velocity Ef[iciency vs Velocity Ratio)

l .... r , ,_':LOX ]:S 70.Z_% r 2 I

I !

: t i _ E ; , i !

L .... -i---':----L----_i---V--: r- ............. --, .......................... _ ....... b
_ : :......l....:_-4........ t ......... , ......

i : t _ i

1 I

_ ' i I

a i

E! .... , ..... , rn ,

: [

" : 1 ! I _ i " _TE" 1_c*p l£s ba_ed 'on Ichambert
-_----:J_S_--_-_--_- ....._'_-_..-+-......;.........-'_--".....=---c _ ............=.................
_._ _ ': ' I ! ; ; : i : ' ,pressure me_su_emetnts

":.:...I ": -I" :::'i-'I -: J :... L_ _nco_ec_ecl for mom_t:um

_, I :^._!- i ! I , I T i ; i and he_t los,ses -_

, _it_h i,_jectoZ 7. (_@e t:al_leXIV

: i 1 I
": 'l':--! - " I

.........-+--?__ _......._ ,, _..........................

I
":.!:::I: ::_. 1 J
-_-_---: o ":: , , ,,,.... , :.,. ., ,, ,, , ........
::_:i:: 1.... :_--._---!--_--- z_ _7 Is _ _o _ _ _._ _ _

DF 40656

Sheet 2 oI 3

8O



Pratt & Whitney Aircraft
PWA FR-1443

Figure 39

Flox-Butene-1 Uncooled Test Results (Characteristic

Velocity Efficiency vs Momentum Ratio)
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D. HEAT TRANSFER

Comparison of experimentally measured heat transfer coefficients with

those predicted by the Bartz short form equation (Reference 1) are shown

in figures 40 through 61. The origin of the axial coordinate scale on these

curves corresponds to the location of the most upstream thermocouple on

the nozzle wall; this is approximately 2 inches from the injector face. Film

coefficients shown in the figures represent statistical mean values over the

duration of the test. The numerical technique used in determining heat

transfer coefficients from experimental data is discussed in detail in Ref-

erence 2.

The value of the chamber coefficient in tests No. 7 through 16 (see

figures 41 through 45) was higher in relation to the throat coefficient than

normally expected. This high chamber coefficient can probably be attri-

buted to the use of an RLIOA-1 injector in these tests. The high chamber

coefficient was not encountered in test No. 2 (figure 40) where an RL10A-3

injector was used. Because the axial velocity of the injected oxidizer streams

is higher for the RL10A-1 injector than for the RLIOA-3 (which has swirl-

ers in the oxidizer spuds), there is a greater tendency for recirculation of

combustion products along the chamber wall resulting in higher chamber

heat transfer for the RL10A-1 injector. The uniform pattern of the

RL10A-3 injector accounts for the close agreement of experimental with

theoretical film coefficients for test No. 2. Test No. 21 through 37 (see

figures 46 through 57) were conducted using unswaged RL10A-1 injectors

having half the number of elements used in previous tests. This modifica-

tion apparently removed the cause of the high chamber film coefficients.

In all tests, except 2 and 15, the total heat transferred was significantly

lower than that predicted by the Bartz Short Form calculations. This at-

tributed largely to the formation of heavy carbon deposits on the chamber

walls; in test No. 15 (55% F._,) (figure 44) there was very little carbon forma-

tion and the film coefficients were close to the predicted values, in the

propane, pentane blend, and butene-1 tests the carl)on forxnation was heav-

ier than in the methane tests and the heat transfer was correspondingly

lower.

The total heat loss per second to the thrust chamber and exhaust noz-

zle, computed from the experimental data is shown in table XVIII.
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Figure 40
Comparison of Heat Transfer Coefficients

o

|

K.)

8

32£

28

24C

20C

16(

12(

"8(

4(

I \

Predicted Using \
Bar_z Short Form )/

/
/

/

/

// \

, \
/

\

\
\

\

\

\

\

\

Experimental Results --_

Flox-Hethane
Test No. 2

r= 6.10

Oxidizer = 82.6% F2
Pc = 115 psla

0 2 4 6 8 10

\
\

L_----Throat

I

I
I

12

AXIAL COORDINATE - in.

14 I6

DF 37604

83



Pratt & Whitney Aircraft
PWA FR-1443

Figure 41

Comparison of Heat Transler CoeHicients
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Figure 42

Comparison of Heat Transfer Coef[icients
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Figure 43

Comparison of Heat Transfer Coefficients
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Figure 44

Comparison of Heat Trans[er Coe[/icients
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Figure 45

Comparison oI Heat Transler Coefficients
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Figure 47

Comparison o/ Heat Transfer Coe/[icients
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Figure 46

Comparison of Heat Trans]cr CoeHicients
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Figure 48

Comparison of Heat Transfer Coefficients
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Figure 49

Comparison of Heat Trans[er Coef[icients
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Figure 50

Comparison o[ Heat Trans[er CoeHicients
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Figure 51

Comparison of Heat Transfer Coefficients
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Figure 52

Comparison o[ Heat Trans[er Coefficients
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Figure 53
Comparison of Heat Transfer Coefficients
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Figure 54

Comparison of Heat Trans/er Coefficients
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Figure 55

Comparison of Heat Transfer Coefficients
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Figure 56

Comparison o[ tteat Transfer Coe[[icients
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Figure 57

Comparison oJ Heat Trans/er CoelJicient._
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Figure 58

Comparison o[ Heat Trans[er Coelficients
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Figure 59

Comparison of tteat Transfer Coefficients
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Figure 60

Comparison of Heat Transfer Coefficients
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Figure 61

Comparison o[ Heat Transfer Coe[ficients
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TABLE XVIII.

Test No.

2
7

10

13

15

16
21
24

28
29
30

31
33

34

35
26
37

38
39
42

43

CALCULATED HEAT LOSS FOR UNCOOLED TESTS

Fuel Heat Loss Rate, Btu/sec.

Methane 1005

Methane 979

Methane 706

Methane 707

Methane 974

Methane 677

Methane 550

Methane 500

Propane 320

Propane 291

Propane 292

Propane 275
Pentane Blend 208

Pentane Blend 169

Pentane Blend 177

Pentane Blend 186

Pentane Blend 184

Butene-1 296

Butene-1 207

Butene-1 176

Butene-1 161

E. REFERENCES

° Bartz, D. R., "An Approximate Solution of Compressible Turbu-

lent Boundary Layer Development and Convective Heat Transfer

in Convergent-Divergent Nozzles," Transactions of the ASME-77,

1955, pp 1235-1245.

. Glickstein, M. R., and Jackson, J. E., "Two Dimensional Heat Flux
Measurements in Uncooled Rocket Nozzles," Bulletin of the 6th

Liquid Propulsion Symposium, Vol. II, CPIA, September, 1964.
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SECTION VI1 

TASK 111 - TRANSPIRATION COOLED TESTING 

A. TEST DESCRIPTION 

A total of 22 transpiration cooled tests were conducted: 10 with methane 
and 12 with propane. The  chamber is shown mounted in the test stand in 
figure 62. T h e  injector propellant control sequence initiated after uncooled 
test No. 4 was used for all transpiration cooled tests. T h e  coolant control 
valve was opened in a position control mode and held at the 100 percent 
open position until steady-state chamber conditions were achieved. T h e  
valve was then automatically sequenced to switch to a flow control mode, Le., 
controlling to a preset value of coolant flow orifice differential pressure. 

Figure 62. Transp i~a t ion  Cooled Chav tber  ilfounted in Te,( Fncility FD 12776 

During the methane tests problems with localized freezing of methane 
within the coolant line caused aborts of tests No.  (i, 7 ,  and 8. Subsequent 
modifications to cooldown and start procedures and removal of a coolant 
line filter remedied this problem. 

1. METHANE TESTS (FLOX ITAS S’2..5y0 F.,) 

Test No.  IT - Test No. IT was conducted using the transpiration 
cooled chamber and the injector No. 3 ,  whicli had been used for most of the 
early uncooled low mixturc ratio flox-methane tests. This planned 2.0- 
second checkout firing ivas terminated after 1.7 seconds because of low 
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coolant flow, resulting from failure o f  the coolant valve to open fully. 
During the start transient, Rigimesh temperature rise and pressure drop 
followed expected wends. At the end of the test there was some separation 
of the Rigimesh layers (figure 63) at the edge of three of the segments; this 
was easily repaired by rewelding the edge of the segment and did not recur. 
Rigimesh replacement was not necessary. 
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Test No. 3T -- Test No. 3T was to be of 10.0-second duration under

the same conditions as the two previous firings. At the start of the test the

oxidizer flow nozzle AP transducer failed, causing the oxidizer control

valve to open fully, thereby resulting in a mixture ratio higher than planned.

The test was aborted at 3.0 seconds because of a 1700°R temperature

reading at one of two Rigimesh hot side thermocouples which were being

monitored. This abort was only partially caused by the high mixture ratio.

Temperature readihgz were probably appreciably higher than the actual

Rigimesh temperature (because of the installation of the thermocouples

within the Rigimesh). This abort temperature, 1700 ° R, was a very conserva-

tive operating limit set for initial checkout runs.

Test No. 4T -- Test No. 4T was a successful 10.0 second firing; Rigi-

mesh temperature limit aborts were set for 2100°R for this test. One Rigi-

mesh hot side thermocouple reached 2300°R during the shutdown transient;

however, most temperatures were between 1100 and 1400°R. Excessive

overcooling in the exhaust nozzle divergent section was again indicated;

temperature at this section was only 290°R.

Test No. 5T -- Test No. 5T, an attempted firing of 10.0-second dura-

tion at a lower mixture ratio (30 percent less than optimum), was terminated

at 4.0 seconds because of low coolant flow. The low coolant flow signal

was apparently caused by incomplete purging of liquid nitrogen in the

coolant line after cooldown and by nitrogen boiling in the coolant flow

measuring orifice, which caused a fluctuation in the indicated coolant

flow. Despite the shortened run duration, good steady-state performance
data were obtained.

Test No. 6T -- This was the first transpiration cooled test run using

injector No. 6 (108 elements). This injector was used in uncooled tests

No. 21 through 26. Coolant distribution orifices had been changed from

that used in tests No. 1 through 5 to provide a more uniform wall tempera-

ture. The test was aborted after 0.7 second due to inadequate coolant flow

to the chamber. A small amount of Rigimesh erosion was found at one

small spot in transpiration cooled segment No. 6 at the nozzle throat.

Test No. 7T -- The same hardware and coolant distribution as test No.

6T was again used. This test was also aborted after 0.7 second due to

inadequate coolant flow. The chamber damage incurred in test No. 6T

appeared to be slightly enlarged. After the run a filter in the coolant line

was removed and a piece of solid methane was found in the filter blocking

the fuel line. This filter was removed for the remaining tests and additional

coolant line purge procedures were instituted.

Test No. 8T -- This firing ran 5.7 seconds before being aborted by a

high temperature indication from the chamber segment that had been

damaged in test No. 6T and 7T. There was no appreciable increase in the
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. .  
erosion previously noted. I t  was surmised that this was caused by one of 
two things: (1)  n bad thermocouple damaged in tests No. GT and 7T or (2) 
partial blocking of the distribution orifices to this segment by solidified 
methane. 

Test No. 9 T  - Low coolant flow caused this test to be aborted at 2.9 
seconds. The coolant flow was adequate at the start of the run and gradually 
dropped off, indicating partial rather than complete plugging of the methane 
run line due to freezing of the methane. Slight additional erosion of the 
transpiration cooled liner W I S  again noticed in the same location as tests 
No. 6T and 7T. 

Test N o .  10T - This was n planned 30.0-second test t h a t  WIS manually 
allorted at 23.4 seconds because of high tt'niper;itiire inclicntions from the 
throat segment. T h e  first 10.0 seconds of the firing were made using the 
same control setting as al l  previous tests, i.e., the coolant control valve was 
set in position control at loo%, open. After the first 10.0 seconds the coolant 
system was switched to flow control o f  a coolant flow rate of 1.09 Ib/sec 
(6.87 percent of the total propellant flow). Inspection of the chamber after 
the test showed that the throat segment W;IS badly damaged and that the 
Rigimesh liners in three other segments had minor damage, figure 64. It  
was impossible to tell from the data exactly where burnthrough of the 
Riginiesh occurred, but the failure apparently progressed gradually between 
20 seconds after the start of the run and the end of the run. 
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The damage to the thrust chamber encountered during tests No. 8T,

9T, and 10T was apparently due primarily to local disturbances around

the area of erosion caused by inadequate cooling on tests No. 6T and 7T.

Similar results have also been noted in transpiration cooled high pressure

oxygen-hydrogen engines being tested under Air Force Contract, i.e., sur-

face irregularities tend to increase local heat transfer, thereby causing

localized burning. An additional contribution to the burnout may have

been localized hot spots caused by the injector.

2. PROPANE TESTS (FLOX WAS 75% F2)

Test No. 11T -- This planned 10-second test was advanced to shutdown

at 1.3 seconds by a high Rigimesh temperature indication. The high tem-

perature was due to low coolant flow resulting from an insufficient coolant

line prerun purge. The prerun procedures were changed to allow a longer

line fill period.

Test No. 12T - This was a scheduled 10-second test. It was advanced

to shutdown at 4.9 seconds by high Rigimesh temperatures. The high

temperatures were caused by a low coolant flow which occurred because

a coolant line bypass valve was leaking thereby diverting flow from the rig.

(The leaking valve was not discovered until after test No. 13T.)

Test No. 13T -- This scheduled 10-second test was advanced at 1.3

seconds by high Rigimesh temperatures. The coolant line bypass valve was

found to be leaking thereby depleting the coolant supply to the chamber.

The valve was repaired prior to additional testing.

Test No. 14T -- This was a full duration test manually advanced to

shutdown at 10.8 seconds. Maximum Rigimesh temperature was 2050°R

and occurred in segment 7 just downstream of the throat. No hardware

damage was visible.

Test No. 15T -- This was a scheduled 10-second test which was ad-

vanced to shutdown at 7.8 seconds. Early shutdown was caused by a high

Rigimesh temperature indication. The coolant line bypass valve was again

found to be leaking and was repaired. No further trouble with this valve

was encountered.

Test No. 16T -- This was a full duration 30-second test. Maximum

Rigimesh temperature was 2100°R at a point just downstream of the nozzle

throat. No hardware damage was noted.

Test No. 17T -- This was a full duration test which was manually

advanced at 11.3 seconds. Maximum temperature was 2030°R just down-

stream of the nozzle throat. No hardware damage was noted.
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Test No. 18T -- This was a full duration 20-second test. Mixture ratio

was varied during the test. Maximum Rigimesh temperature was 1900 °R.

No hardware damage was noted.

Test No. 19T -- This was a planned 20-second test which was advanced

at 4.8-seconds. Attempted coolant flow was 17 percent lower than tests 11T

through 18T. Premature advance was due to low coolant flow which was

caused by excessive closing of the coolant control valve when the valve

switched to flow control. For future tests the valve gain was reduced. No

hardware damage was noted.

Test No. 20T -- This was a full duration 20-second test with a mixture

ratio switch at 10 seconds. Coolant flowrate was 18 percent lower than

tests llT through 18T. Maximum temperature was 1930°R just down-

stream of the throat. No hardware damage was noted.

Test No. 21T -- This was a 20-second test at a coolant flow rate 33

percent lower than that used in tests 11T through 18T. Maximum indicated

temperature was 2800°R just downstream of the nozzle throat. Mixture
ratio was switched at 10 seconds.

Test No. 22T - This was a 20-second test. Coolant flow was 50 percent

lower than tests l lT through 18T. Mixture ratio was varied during the

test. After this test some erosion of the Rigimesh was noted in segments

6 and 7 near the throat. The erosion was due primarily to the reduced

coolant flow; however, it is believed that with better coolant distribution

and a more uniform injector pattern the coolant flowrate could be reduced

even more.

B. DATA REDUCTION

Transpiration cooled chamber performance parameters are calculated,

using equations similar to those used for the uncooled chamber (Section

VI, paragraph B) with the following changes and additions:

Delivered performance parameters are based on total propellant flow

rate including coolant flow:

* =_ +_f +_p o c

Two mixture ratios

o

rchambe r -
*f + *c

rin j = *o/*f
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and the percent of total propellant used for cooling

¢r

p = c (IOO)
p _ +_ +_fc o

are also calculated.

Theoretical performance parameters are calculated at the chamber

mixture ratio, r,.h,,nt,,,., with propellant enthalpies corrected to the actual

injector and coolant flow inlet conditions. The corrected values include

momentum loss corrections identical to the uncooled corrections; however,

because all heat is transferred to the coolant there is no heat loss correction.

List of Symbols

P
P

rchamber

rinj

percent of total propellant used for cooling

chamber mixture ratio, (oxidizer/fuel + coolant)

injector mixture ratio (oxidizer/fuel)

Subscripts

c

f

o

coolant

injector fuel flow

oxidizer

C. TEST PERFORMANCE

Tables XIX and,XX show measured test data and calculated perform-

ance data, respectively, for the transpiration cooled tests. Table XXI shows

the breakdown of injector efficiency and performance loss incurred by

incomplete propellant mixing. Estimated injector efficiencies were based

on uncooled tests with the same injector. Efficiency was correlated with

injector fuel-oxidizer momentum ratio.

The apparent disagreement of cooling loss in test No. 4T compared

with the other methane tests is either due to a faulty chamber pressure

calibration or to excessive coolant flow through the divergent portion of

the nozzle. Low temperature measurements in the divergent portion of the

nozzle during test No. 4T tend to substantiate the latter premise.

Table XXII presents coolant flow and hot side Rigimesh temperatures

for each chamber segment. Coolant flows are per unit of Rigimesh surface

area. Rigimesh temperatures are taken during the stable portion of the

test and are averages for some segments, hence, they may not agree with

the individual readings mentioned in the test discussion.
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SECTION VIII

TASK IV--REGENERATIVE COOLING TESTS

A. TEST DESCRIPTION

Thirteen supplementary convectively cooled tests were conducted to

evaluate the regenerative cooling ability of liquid light hydrocarbon fuels.

Seven of the tests were conducted using a eutectic blend of pentane and

isopentane and 6 tests were conducted using propane. All tests were made

with an oxidizer of 75% fluorine in the flox, heated gaseous fuels supplied

to the injector, and liquid fuels cooled to 10°R to 120°R above their

freezing point as coolants. All tests were conducted using the same injector

(7) and fuel and oxidizer injection conditions as had been used in the

uncooled tests with these fuels (tests 27 through 37). The thrust chamber
was a modified RL10A-1 tube wall combustion chamber cut off at a nozzle

expansion area ratio of 3.54 to allow sea level testing without flow separa-

tion, and with copper swirlers installed in a short section of the tubes at

the injector end of the chamber. (See Section IV-D for complete descrip-
tion.

The control sequence used for the injector propellants was identical

to that used for the uncooled tests. The coolant was a subcooled liquid

supplied from a pressurized tank and controlled by two control valves.

One valve, upstream of the coolant jacket, was operated in the flow control

mode, and therefore regulated flow to a preset value based on a signal from

the coolant flowmeter. The second valve, downstream of the coolant jacket

was in pressure control and was set to maintain a 150 psia back pressure

on the jacket discharge.

Minimum coolant flowrates required for remaining in the nucleate

boiling regime were estimated using the film coefficients determined from

the uncooled tests and the upper limit heat flux data from the heated tube

tests.

1. PENTANE BLEND TESTS (FLOX WAS 75% F., FOR ALL TESTS)

Test No. 1R -- This was a 3.3-second checkout run using the pentane

blend. Coolant flowrate was 27.8 lbm/sec which is approximately 3 times

the flow rate predicted (based on uncooled combustion tests and heated

tube tests) to be a minimum for maintaining nucleate boiling. The coolant

flow was steady. The initial high fuel flowrate encountered in the pentane

blend uncooled tests also occurred in all pentane regenerative tests. No

visible hardware damage was noted.

Test No. 2R - This was a 10-second pentane blend run with approxi-

mately the same coolant flow as test No. 1R. No visible hardware damage
was noted.
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Tests No. 3R, 4R, and 5R -- These were 10-second pentane blend runs

with a coolant flowrate approximately twice that predicted to be a minimum

for remaining in the nucleate boiling regime. No visible hardware damage
was noted.

Test No. 6R -- This was a 30-second pentane blend run. Coolant flow

was again twice that required to stay in the nucleate boiling regime. No

visible hardware damage was noted.

Test No. 7R -- This was a 10-second pentane blend run. Coolant flow

was approximately 30% higher than that required to maintain nucleate

boiling. No visible hardware damage was noted.

2. PROPANE TESTS (FLOX WAS 75% F2 IN ALL TESTS)

Tests No. 8R, 9R, 10R, and llR -- These were 10-second propane

runs. Coolant flowrate was approximately 2 times that estimated as a

minimum for remaining in the nucleate boiling regime. No hardware

damage was noted after tests.

Test No. 12R -- This was a 40-second propane run. The initial coolant

flow was slightly lower than that used for tests No. 8R through llR. At I0

seconds the coolant flowrate was reduced to a value approximately 25%

greater than that estimated to be a minimum for nucleate boiling. At 20

seconds the coolant flow was reduced to a value approximately 10% below

that estimated as the nucleate boiling requirement. At 30 seconds the

coolant flowrate was reduced to a value equal to the injector fuel flowrate

at the optimum mixture ratio. This was approximately 60% of the flowrate

estimated to be a minimum for maintaining nucleate boiling. No coolant

instability was encountered and there was no visible hardware damage.

Test No. 13R -- This was a planned 10-second propane run. The

coolant flowrate was scheduled to be equal to the lowest flowrate used in

test No. 12R. During the start transient the coolant upstream valve closed

while attempting to adjust to the low flowrate. The jacket downstream

valve then closed attempting to maintain backpressure with a no flow

condition. As the upstream valve closed, a pressure surge caused by the

sudden termination of flow, ruptured a burst disk in the coolant line. This

diverted the coolant flow from the rig to a vent line. The lack of coolant

flow caused the chamber burnout shown in figure 65.

B. TEST PERFORMANCE

Tables XXIII, XXIV, and XXV present measured and calculated

performance data for all regeneratively cooled runs. Data reduction methods

are identical to those shown in Section VI, paragraph B. The effect of

mixture ratio, velocity ratio and momentum ratio on characteristic velocity

efficiency is presented in figures 31 through 36 along with the uncooled data.
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Figure 65. Regenerative ClrnmOer crftrr Tes t  KO. I3R 
(Viewed from Injector E n d )  

C. HEAT TRANSFER 

Pratt & Whitney Rircraft 
PWA FR-1443 

FE 50969 

Heat transfer to the coolant was calculated from coolant flowrate and 
temperature rise. Total heat transfer (shown in table XXIV) in the pentane 
tests was approximately SO04 greater than that predicted from the uncooled 
data. For the propane tests the heat transfer was approximately 257" 
greater than predictions based on rincooled film coefficient data. 
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SECTION IX

EVALUATION OF TEST RESULTS

A. INJECTOR PERFORMANCE

The purpose of the experimental program was not to demonstrate

high performance, but rather to use existing injectors with minor modifi-

cations to provide adequate performance for evaluation of the heat transfer

characteristics and cooling ability of light hydrocarbon fuels. Nevertheless,

several important conclusions can be drawn from the experimental perform-

ance data regarding requirements for gaseous hydrocarbon fuel -- liquid

flox injection. From the data given in Section VI, the importance of a

high velocity ratio or momentum ratio for providing high performance is

evident. Although only one test was completed with swirlers installed, their

beneficial effect on performance is clearly indicated. The use of fluorine-

compatible materials and installation techniques for the swirlers should

eliminate spud burning, making the use of swirlers practical. The methane

data give an indication of the performance improvement of a 216-element

injector over a 108-element injector for the conditions tested. These data

provide some insight into injector element density requirements for similar

gas-liquid injectors.

Some information on injector fabrication techniques is also apparent

from the testing. The use of Rigimesh to provide transpiration cooling of

the injector face, a well-proved method for hydrogen fuel, has been proved

to be equally satisfactory with gaseous hydrocarbon fuels. Post-firing

inspection of injectors has substantiated the anticipated improvement in

durability of nickel spuds over stainless steel spuds, even though the nickel

spuds were tested under more severe conditions.

B. HEAT TRANSFER

Figures 66 through 70 summarize the ratio of the experimentally-

determined to the analytically-predicted film coefficient as a function of

axial location along the chamber for each of the four fuels tested. Note

that the measured film coefficients are all well below the predicted values,

although the theoretical value is approached in the divergent portion of the

nozzle. Figures 66 and 67 show the effect of injector design on the chamber

film coefficient. Note that, as expected, the effect of the injector on the film

coefficient is greatest near the injector. Comparing figures 68, 69, and 70,

it can be seen that the ratio of the actual to predicted film coefficient is

higher in the chamber than near the nozzle throat for propane, but remains

relatively constant for the butene-1 and the eutectic pentane blend. This

provides an indication that the effect of injector design on the chamber film

coefficient becomes less significant as the fuel hydrogen/carbon ratio de-
creases.
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Figure 66

Ratio of Actual to Predicted Film Coe[ficient vs Axial

Location (Flox-Methane, Injector No. 3*)
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Figure 67

Ratio o[ Actual to Predicted Film CoeHicient vs Axial

Location "Flox-Methane, Injector No. 6)
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Figure 68

Ratio o[ Actual to Predicted Fihn Coef/icie_lt vs Axial

Location (Flox-Propane, Injector No. 7)
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Ratio o[ Actual to Predicted Film Coe[[icient vs Axial
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Figure 70

Ratio of Actual to Predicted Film Coefficient vs Axial

Location (Flox-Butene-1, In/ector No. 7)
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Figure 71 shows the ratio of experimental-to-predicted total heat trans-

fer rate plotted as a function of mixture ratio for the uncooled tests. Figure

72 shows this same data for the regeneratively cooled tests. The "X" on each

of the curve shows the interpolated value of the ratio of experimental-to-

predicted total heat transfer rate at the mixture ratio for maximum

theoretical specific impulse. Figure 73 shows the interpolated ratio of actual-

to-predicted total heat transfer rate as a function of hydrogen/carbon

atomic ratio for each of the four fuels tested. The curve shows a remarkably

good correlation of the effect of decreasing hydrogen/carbon ratio on

reducing the heat transfer rate to the chamber walls. The difference in

magnitude shown in the cooled and uncooled data is probably due primarily

to the integrating effect of the cooled data, i.e., uncooled temperature

measurements are taken along one axial line and do not show the effects of

hot spots due to injector nonuniformity. The trends shown in the two

curves are, however, quite similar. The reduction in heat transfer rate is

almost certainly due to increased carbon on the walls and free carbon in

the boundary layer at decreased hydrogen-to-carbon ratios.
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Figure 71
Ratio of Measured to Predicted* Total Heat

Transfer (Uncooled Tests)
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Figure 72
Ratio of Measured to Predicted* Total Heat

Transler (Regeneratively Cooled Tests)
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Figure 73

Eflect of Fuel Hydrogen-to-Carbon Ratio on Total

Chamber Heat Transfer

Pent&_ Blend Uncooled Tests
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Injector design will have a major effect on the total heat transfer and

on the distribution of the heat transfer. Combustion efficiency can also

be a major factor in influencing heat transfer rates. These effects did not,

however, significantly influence the trends in figure 73. All of the test

data summarized in figure 73 were obtained with similar injectors (the

pentane, propane, and butene-1 data were obtained with the same injector).

Combustion efficiencies near the maximum specific impulse mixture ratio

were nearly the same for the methane, propane, and butene-1 tests. In

addition, all calculations of predicted heat transfer were corrected for the

combustion efficiency measured in that test. For all four of the fuels, a

substantial change in combustion efficiency over the mixture ratio range

investigated shows a small change in the ratio of actual to predicted heat

flux compared to the very large change in this ratio between the various

fuels. While a radically different injector design might greatly change the

ratio of actual to predicted heat flux obtained, it would be expected that

the tendency of the ratio to decrease significantly with decreasing hydrogen-

to-carbon ratio in the fuel would always be observed. Also, since high per-

formance and low heat flux was obtained with both propane and butene-1

it would be expected that any new injector required for any flox-hydro-

carbon combination could be developed to produce reduced heat fluxes

comparable to those obtained in this program.

The effect of carbon buildup on heat transfer rate may be seen in

figures 74 through 76 showing the heat flux versus time curves for points

near the injector, nozzle throat, and nozzle exit. The solid lines in figures
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74 and 76 show the heat flux measured with a clean copper chamber while

the dotted lines show the heat flux measured on subsequent firings after a

carbon deposit was present on the walls. The solid line in figure 75 shows

the heat flux measured with a relatively light carbon deposit (one two-second

ignition check has previously been made with the chamber), and the dotted

line shows the next succeeding test, where a heavier deposit was present at

the start of the test. Examination of these curves leads to two conclusions:

.

.

As the hydrogen-to-carbon ratio of the fuel decreases (with con-

sequent reduction of the percentage of theoretical heat flux), the

time dependent effect of carbon buildup increases. Eventually a

steady-state layer is built up and the heat flux remains constant

with time. The curves shown in figures 74 through 76 for "dirty"

chambers approach this steady-state value.

The effect on heat transfer of carbon buildup with time is greatest

in the chamber, decreases in the throat and is quite small in the

exhaust nozzle.

C. REGENERATIVE COOLING

The ability to cool the thrust chamber in either the nucleate or film

boiling regimes, as demonstrated in twelve successful tests with propane

and the eutectic pentane blend, is due to the low experimental heat fluxes

encountered. Previous calculations had clearly shown that regenerative

cooling of a 5000-1b thrust 100-psia chamber with film boiling was impossible

and that film boiling would cause chamber burnout, if the calculated

theoretical heat fluxes were correct. The low heat fluxes measured with

propane, butene-1, and the pentane blend greatly reduced the coolant

flowrates required to prevent film boiling from occurring and also reduced

the wall temperatures to below the point of tube burnout when film

boiling did occur.

It may be concluded that the development of a regenerative cooled

5000-1b thrust 100-psia chamber pressure flox-light hydrocarbon engine is

feasible using either butene-1 or a eutectic blend of pentane and isopentane

as the fuels. While cooling with propane has also been shown to be possible,

the propane would leave the heat exchanger at near saturation conditions,

and boiling of the propane in the injector would cause severe problems in

injector design and engine control. The use of ablation cooled exhaust

nozzles or partial film or transpiration cooling could, however, be used to

reduce the total heat transferred to the propane, thereby making a 5000-1b

thrust flox-propane engine feasible. Also, larger engines would result in

less heat transferred per pound of coolant so that for 100-psi engines above

8000 to 10,000 pounds thrust, full regenerative cooling with propane would

be possible.
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Figure 74

Time Variation of Heat Flux and Chamber Pressure

(Flox Methane)
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Figure 75

Time Variation of Heat Flux and Chamber Pressure

(Flox-Propane)
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Figure 76
Time Variation of Heat Flux and Chamber Pressure

(Flox-Butene-1)
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D. TRANSPIRATION COOLING

Two correlations of the data from the transpiration cooled flox-methane

and flox-propane tests were used to evaluate the data. The first correlation

(figures 77 through 80) is an evaluation of the cooling ability of the fuels,

while the second correlation (figures 81 through 84) is an evaluation of the

performance loss due to incomplete mixing between the coolant flowing

through the porous walls and the burning propellants from the injector.

Figure 77 shows the ratio of the measured heat flux to the chamber

walls, as determined from a heat balance based on measured coolant flow

and measured surface temperature, to the predicted heat flux based on

results of the uncooled thrust chamber firings. Figure 78 shows the same

ratio for the same tests, except that the predicted heat flux is based on

analytically determined values using the Bartz short form method. Except

for the two segments nearest the injector (where the experimental heat flux

from the uncooled tests was higher than the predicted heat fluxes) figure

78 shows values closer to the anticipated value of 1.0 (or slightly less) than

figure 77. Figures 79 and 80 show the same data for the flox-propa_ie

transpiration cooled tests. Again the ratios based on the analytically pre-

dicted film coefficient show much better agreement. The data tend to

indicate that the factors causing a reduction in uncooled heat transfer

(presumably carbon deposition on the wall or free carbon in the boundary

layer) are partially negated by the transpiration coolant flow and that

analytically predicted film coefficients based on the Bartz short form

method are more valid.

Figures 81 and 82 show the ratio of experimental characteristic veloc-

ity (c*) to the predicted c * for methane and propane, respectively. The

predicted c* includes correction of injector c* for combustion efficiency

as determined in the uncooled tests, and correction of measured c* and

mixture ratio to include only the coolant flow introduced upstream of the

throat. (All results in Section VII use total coolant flow rather than coolant

flow upstream of the nozzle throat.) For methane the actual c* is greater

than the predicted c * in all cases but one, and this case is within one percent

of the predicted value -- within the experimental accuracy of the data.

With propane, the opposite is true. The actual c* losses are in all cases

equal to or greater than the predicted losses. Figures 83 and 84 show the

percent characteristic velocity loss due to transpiration cooling to the per-

centage of coolant used. As would be predicted both coolants show a

tendency for increasing loss per percent coolant as mixture ratio is increased.
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Figure 78

Ratio o] Measured Heat Flux to Predicted* Heat

Flux vs Thermocouple Location

*Calculated using Bartz

" Film Coefficient

Segment

Number

Flox-Methane

DF 39398

Sheet 1 o I 2

i

0 rq

, I I | I , !

4 6 8 IO 12 14 16

Test

2

3

4

5

8

9

I0

Symbol

O
[3
A

Inches from

Injector

0

I I I I I , |

2 3 4 5 67 8

THERMOCOUPL_ LOCATIONS

134

Segment

Numl_er

DF 39398

Sheet 2 o/ 2



g_

_z

9

8

7

6

5

4

3

2

1

0

Pratt & Whitney Aircraft
PWA ]FR-1443

Figure 79

Ratio o] Measured Heat Flux to Predicted* Heat

Flux vs Therrnocouple L_,cation
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Figure 81

Actual to Predicted c* Ratio vs Chamber Mixture Ratio
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Figure 83

Effect of Mixture Ratio on Experimental c* Loss Due to

Transpiration Cooling (Flox-Methane)
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No good explanation is currently available for the high c* losses

encountered with the propane tests. There are indications of a nonuniform

injector pattern which would increase losses by allowing some of the propane

to expand without being heated to a temperature where it could contribute

substantially to performance. Another explanation might be that cracking

of the propane in the boundary layer was releasing substantial quantities

of free solid carbon that could have had a high velocity lag relative to the

exhaust gas, thereby reducing the characteristic velocity. It would be

expected, however, that a large amount of cracking of the propane would

increase its cooling capacity, thereby reducing cooling requirements. This
was not the case.
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Figure 84

Ef[ect o[ Mixture Ratio on Experimental c* Loss Due to

Transpiration Cooling (Flox-Propane)
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APPENDIX A

FUEL CHARACTERISTICS

This appendix presents physical property data for twelve of the light

hydrocarbon compounds that are considered to have the properties most

desirable in rocket fuels to be used with fluorine-oxygen (flox) oxidizer

blends. Selection of these fuels was based on their liquid range compatibil-

ity with flox either individually or in blends, their cost and availability,

their high performance and their capability for use as regenerative or trans-

piration coolants. Data on RP-1 is also included for comparison. The fol-

lowing liquid properties are plotted as a function of temperature: vapor

pressure, density, specific heat, viscosity and thermal conductivity. Origin

of the data shown on these curves is coded as follows: (I) solid line-experi-

mental data from the references given at the end of the Appendix, (2)

dashed line-extrapolated and (3) dot dash line-estimated. The heats of forma-

tion presented are based on the elements in their reference state at 537°R.

In cases where conflicting property data were found, the reference believed

to be most accurate was used. In addition to physical property data, a sum-

mary of shipping, handling, toxicity and cost information is presented.
Cost data are estimates trom various manufacturers and in most cases are

not from quotations.

Shipping, handling and storage problems and materials compatibility

are similar for all of the compounds presented; therefore, this information

is summarized here to avoid repetition on the individual data sheets.

1. SHIPPING

The fuels presented here can be classified into either of two shipping

categories: (1) flammable liquid or (2) flammable compressed gas. All re-

quire an Interstate Commerce Commission (I.C.C.) red label for shipping.

Requirements for shipping such materials are detailed in reference 13.

a. Flammable Liquids- Those compounds with normal boiling points

above 537°R are classified as flammable liquids. They are shipped in tight-

ly closed steel containers under their own vapor pressure. The exception

is RP-1 which has an extremely high boiling point and can be shipped and

handled in the same manner as kerosene or other common jet fuels.

b. Flammable Compressed Gases - Those compounds with normal boiling

points below 537°R are classified as compressed gases and are shipped in

pressurized steel containers.

2. HANDLING AND STORAGE

The major hazard in handling these compounds is attributed to their

extreme flammability. They should be kept away from ignition sources,

and flames should never be used for leak detection. All equipment should

be grounded. The storage area should be well ventilated to prevent ac-
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cumulation of combustible mixtures. They should not be stored with

oxygen, chlorine or other oxidizing materials. Containers should be pro-

tected from excessive temperature increases by shielding them from radia-

tors, the direct rays of the sun or other sources of heat. In addition, the

general rules for handling and storing compressed gas cylinders should be

followed (reference 12).

3. CONSTRUCTION MATERIALS

None of these compounds are considered corrosive and any common

or commercially available metal may be used. The exception to this is

methylacetylene which should not be used with copper, silver or

magnesium.

Some non-metallic compounds are attacked by petroleum compounds.

The attack occurs in one of the following two forms:

I. The material becomes spongy. Natural rubber is one material
affected in this manner.

2. In some plastics one component is dissolved out leaving a brittle
base material.

Selection of non-metallic materials will be greatly influenced by the in-

tended use and required length of service. In general, the following ma-

terials are acceptable for gasket, seal or coating purposes: neoprene, cork,

white asbestos, phenolic asbestos, nylon, fluorocarbon plastics (Teflon and

Kel-F) and most epoxy coatings (reference 2). Natural rubber, polypropyl-

ene, and glass fabrics with silicone elastomers should be avoided.
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METHANE

SUMMARY OF PROPERTIES

Chemical formula CH 4

Molecular weight 16.042

Freezing point (normal), ° R 163.2

Boiling point (normal), °R 200.8

Liquid density (at NBP), lb/ft a 26.48

Critical temperature, ° R 343.4

Critical pressure, psia 673.

Critical volume, fO/lb 0.0989

Heat of vaporization, (at NBP), BTU/lb 219.22

Heat of fusion, BTU/lb 25.25

Heat of formation (liquid at NBP),

BTU/Ib --2400.

Autoignition temperature, °R 1630.

Flammability limits in air, volume

percent

I.C.C. CLASSIFICA TION--

Flammable compressed gas "Red Gas Label"

TOXICITY

Pratt & Whitney Aircraft
PWA FR-1443

Reference

5

5

4

5

5

5

7

2

5.3 -- 14. 12

Methane is a non-poisonous, odorless, tasteless gas whose primary danger is

as a simple asphyxiant by oxygen displacement. Concentrations up to 9%

have not produced apparent effects. Above that percent a pressure on the

forehead and eyes is noticed; however, this disappears on breathing fresh
air.

COST AND AVAILABILITY

Methane gas is easily obtained in large quantities in cylinders, tube trailers,

and tank cars. Liquid methane has only recently become commercially

available in this country. Current prices may range from $8.00 to $2.00

per gallon (plus shipping charges) for quantities on the order of several

hundred to several thousand gallons. Prices should drop to below $.025/'

gallon for very large quantities of commercial grade liquid. Prices given

below are for gaseous methane.
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Shell Oil Co. (Price FOB Sheridan, Texas)

(95% purity) Tank car lots $100/car (850/lb car)

Transportation -- $1,146/car -- to WPB, Fla.

Demurrage -- $4/car-day after 48 hours

Olefins Div. of Union Carbide (Price FOB Charleston W. Va.)

(95% purity) $0.015/ft 3 (= 24 ft3/lb)

Transportation -- furnish own trailers at Charleston,
W. Va.

Phillips Petroleum Co. (Prices FOB Borger, Texas unless noted)

(99% purity) tube trailer 60,000 ft 3 (2,500 lb) -- $15,000

260 ft :_cylinder (11 lb) -- $75/cyl (FOB WPB, Fla)

(95% purity) 260 ft 3 cylinder (11 lb) -- $25/cyl (FOB WPB, Fla)

Transportation $1,120/tractor round trip (48 hr max. turnaround)

$15/day trailer rental

cylinder return $2.65/cylinder

demurrage $2.00/month after 4 months

The Matheson Co. (Prices FOB East Rutherford, New Jersey)

(95% purity) 11 lb/cyl - $36/cyl

$30.00/cyl for more than 6 cylinders

$24.00 for more than 20 cylinders
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ETHYLENE

(ETHENE)

SUMMARY OF PROPERTIES

Chemical formula C._,H4

Molecular weight 28.052

Freezing point (normal), oR 187.2

Boiling point (normal), °R 305.0

Liquid density (at NBP), lb/ft 3 35.486

Critical temperature, °R 509.7

Critical pressure, psia 750.

Critical volume, ft3/lb 0.0728

Heat of vaporization, (at NBP), BTU/lb 207.56

Heat of fusion, BTU/Ib 51.39

Heat of formation (liquid at NBP),

BTU/lb 536.

Autoignition temperature, OR 1469.

Flammability limits in air, volume

percent

I.C.C. CLASSIFICA TION--

Flammable compressed gas "Red Gas Label"

Pratt & Whitney Aircraft
PWA FR-1443

Reference

5

5

2

5

5

5

7

2

8

12

3.1 -- 32.0 12

TOXICITY

Ethylene is a colorless gas with a sweet odor and taste. The toxicity is low,

but excess inhalation may cause asphyxia. When inhaled it acts as an

anesthetic and depressant. Maximum permissible workroom concentration

should not exceed 5500 ppm.

COST AND A VAILABILITY

Phillips Petroleum Co. (Prices FOB Pasadena, Texas)

(99% purity) 30 lb/cyl -- $22.50/cyl

Transportation -- $5.50/cyl - to WPB, Fla.

$3.66/cyl to return

Cylinder demurrage $2.00/month after 4 months

Tube trailer not recommended for less than

6,000 lb/shipment
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Shell Oil Co.

Long term contract would be required on high volume basis. Approximate

price $0.05/1b -- FOB Texas Gulf Plants

Gulf Oil Co.

Available on Gulf Coast by pipeline at approximately $0.05/lb

The Matheson Co. (Prices FOB East Rutherford, N.J.)

(95% purity) 28 lb/cyl -- $26.00/cy1

$20.16/cyl in lots of 6 or more

Phillips Petroleum Co. (Prices FOB Borger, Texas)

(99.8% purity) 30 lb/cyl -- $37.50/cyl
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ETHANE

SUMMARY OF PROPERTIES

Chemical formula C,_H 6

Molecular weight 30.068

Freezing point (normal), °R 161.9

Boiling point (normal), ° R 331.7

Liquid density (at NBP), lb/ft 3 34.15

Critical temperature, ° R 549.8

Critical pressure, psia 708.

Critical volume, fta/lb 0.0789

Heat of vaporization, (at NBP), BTU/lb 210.41

Heat of fusion, BTU/lb 40.88

Heat of formation (liquid at NBP),

BTU/Ib --1500.

Autoignition temperature, *R 1410.

Flammability limits in air,

volume percent

I.C.C. CLASSIFICA TION--

Flammable compressed gas "Red Gas Label"

TOXICITY

Pratt & Whitney Aircraft
PWA FR.1443

Reference

5

5

4

5

5

5

7

2

8

12

3.0- 12.5 12

Ethane is colorless, odorless and non-poisonous. However, it does have an

anesthetic effect in concentrations greater than 50,000 ppm (5%) for ex-

posures over 2 hours. Concentrations greater than 70% by volume can be

fatal due to asphyxiation.

COST AND AVAILABILITY

Phillips Petroleum Co. (Prices FOB Sweeny, Texas)

(99% purity) 32 lb/cyl -- $72.00/cyl

(95% purity) 32 lb/cyl -- $28.80/cyl

Transportation $5.80/cylinder to WPB, Fla.

$3.90/cylinder to return

Cylinder demurrage $2.00/month after 3 mo.

The Matheson Co. (Price FOB East Rutherford, N.J.)

(95% purity) 32 lb/cyl -- $44.80/cyl
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METHYLACETYLENE

(PROPYNE)

SUMMARY OF PROPERTIES

Chemical formula

Molecular weight

Freezing point (normal), °R

Boiling point (normal), °R

Liquid density (at NBP), lb/ft a

Critical temperature, °R

Critical pressure, psia

Critical volume, fta/lb

Heat of vaporization, (at NBP), BTU/lb

Heat of fusion, BTU/Ib

Heat of formation (liquid at NBP),

BTU/Ib

Autoignition temperature, °R

Flammability limits in air, volume

percent

I.C.C. CLASSIFICATION--

Reference

Call4

40.062

309. 12

450.1 12

42.1 I

722.1 12

866. 15

0.0656 14

234.7 12

2.4- 11.7 12

Flammable compressed gas "Red Gas Label"

TOXICITY

This compound is a simple anesthetic and in high concentrations is an

asphyxiant. Threshold limit value is 1000 ppm in air for 8 hour daily

exposure.

COST AND A VAILABILITY

The Matheson Co. -- (Prices FOB East Rutherford, N.J.)

(96% purity) 15 lb/cyl -- $95.25

Air Rednction Chemical & Carbide Co. (Prices FOB Bound Beach, N.J.)

(purity not stated) 100 lb/cyl -- $1500.00
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PROPYLENE

(PROPENE)

S UMMA t{ Y OF PR OPER TIES

Chemical formula Call _

Molecular weight 42.078

Freezing point (normal), °R 158.3

Boiling point (normal), °R 405.8

Liquid density (at NBP), lb/ft a 38.0

Critical temperature, ° R 656.2

Critical pressure, psia 667.

Critical volume, fta/lb 0.0687

Heat of vaporization, (at NBP), BTU/Ib 188.19

Heat of fusion, BTU/lb 30.70

Heat of formation (liquid at NBP),

BTI_,/Ib --75.

Autoignition temperature, ° R 1316.

Flammability limits in air,

volume percent

I.C.C. CLASSIFICA TION--

Flammable compressed gas "Red Gas Label"

TOXICITY

Pratt & Whitney Aircraft
]PWA 1_R-1443

Reference

Propylene is a simple asphyxiant which can cause death in concentrations

greater than 75% by volume in air. No irritating effects occur from lesser

concentrations in gaseous form.

COST AND AVAILABILITY

Phillips Petroleum Co. (Prices FOB Borger, Texas)

(99% purity) 105 lb/cyl -- _42.00

831.50 in lots of 50 or more

Transportation- Sl0.90/cyl- FOB _Vest Pahn Beach, Fla.

$ 7.30/cyl -- return

Cylinder demurrage S2.00/month after 4 months

Gulf Oil Co. (Prices FOB Gulf Coast)

(Commercial) approximately $0.035/1b

The Matheson Co. (Price FOB East Rutherford, N.J.)

(95% purity) 105 lb/cyl -$57.75/cyl

A5-1
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PROPANE

SUMMARY OF PROPERTIES

Chemical formula Call 8

Molecular weight 44.094

Freezing point (normal), OR 154.0

Boiling point (normal), °R 415.9

Liquid density (at NBP), lb/ft '_ 36.4

Critical temperature, °R 666.0

Critical pressure, psia 618.7

Critical volume, fra/lb 0.0709

Heat of vaporization, (at NBP), BTU/lb 183.05

Heat of fusion, BTU/lb 34.38

Heat of formation (liquid at NBP),

BTU/Ib --1240.

Autoignition temperature, ° R 1334.

Flammability limits in air,

volume percent

I.C.C. CLASSIFICA TION--

Flammable compressed gas "Red Gas Label"

TOXICITY

Reference

5

5

4

4

4

5

7

2

8

12

2.2 --9.5 12

Propane is not considered toxic. It does have an anesthetic action in con-

centrations exceeding 50,000 ppm (5%) for exposures greater than 2 hours.

It has the characteristic odor of natural gas and can cause death by oxygen

exclusion in concentration exceeding 70% by volume in air.

COST AND AVAILABILITY

Shell Oil Co.

(Commercial) approximately $0.01/lb- FOB Tulsa, Okla.

approximately $0.02/lb--FOB East Coast

The Matheson Co. (Prices FOB East Rutherford, N. J.)

(96% purity) 100 lb/cyl-$25.00

35 lb/cyl - $12.25

Phillips Petroleum Co. (Prices FOB Borger, Texas)

(95% purity) 200 lb/cyl- $28.00
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The Matheson Co. (Prices FOB East Rutherford, N.J.)

(95% purity) 129 lb/cyl $82.56/cyl

$77.40/cyl in lots o[ 6 or more

Sinclair Refining Co.

(95% purity) Tank truck quantities (14,000 lb)- $0.10/lb

FOB WPB, Fla.
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BUTENE-1

(o_-BUTYLENE)
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SUMMARY OF PROPERTIES

Chemical formula C4H8

Molecular weight 56.104

Freezing point (normal), °R 158.0

Boiling point (normal), °R 480.4

Liquid density (at NBP), lb/ft 3 38.6

Critical temperature, ° R 755.3

Critical pressure, psia 583.

Critical volume, ft3/Ib 0.0690

Heat of vaporization, (at NBP), BTU/Ib 167.93

Heat of fusion, BTU/lb 29.51

Heat of formation (liquid at NBP),

BTU/lb --179.

Autoignition temperature, OR

Flammability limits in air,

volume percent

Reference

2

5

5

7

7

7

7

2

1.6-9.3 12

I.C.C. CLASSIFICA TION--

Flammable compressed gas "Red Gas Label"

TOXICITY

Butylene is moderately toxic by inhalation and has an anesthetic effect.

In high concentrations it is dangerous as an asphyxiant by oxygen depletion.

COST AND AVAILABILITY

Phillips Petroleum Co. (Prices FOB Borger, Texas)

(99% purity) 129 lb/cyl--$258/cyl

(95% purity) 129 lb/cyl--$ 51.60/cyl

258 lb/cyl -- $102.20/cyl

Tank truck quantities (approximately 14,000 lb)-

_0.0625/1b

Transportation 129 lb/cyl $11.28/cyl--FOB WPB, Fla.

$ 8.80/cyl -- return

258 lb/cyl $20.44/cyl- FOB WPB, Fla.

$13.66/cyl -- return

Cylinder demurrage $2.00/month after 4 months

Tank truck (round trip)- $1,089 to WPB, Fla.
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BUTANE

SUMMARY OF PROPERTIES

Chemical formula

Molecular weight

Freezing point (normal), °R

Boiling point (normal), °R

Liquid density (at NBP), lb/ft :_

Critical temperature, °R

Critical pressure, psia

Critical volume, ft'_/lb

Heat of vaporization, (at NBP), BTU/lb

Heat of fusion, BTU/lb

Heat of formation (liquid at NBP),

BTU/lb

Autoiguition temperature, ° R

Flammability limits in air,

volume percent

I.C.C. CLASSIFICA TION--

Flammable compressed gas "Red Gas Label"

TOXICITY

Reference

C4H10

58.120

242.8 5

490.8 5

37.5 3

766. 5

550. 5

0.0712 5

165.64 7

34.50 2

--1092.6 2,5

1221. 12

1.9 - 8.5 12

Butane is a colorless gas with a characteristic natural gas odor. It may

produce drowsiness but is primarily a simple asphyxiant which can cause

death by oxygen exclusion above 70% volmne concentrations in air.

Concentrations up to 5% do not produce injuries on exposures up to 2
hours.

COST AND AVAILABILITY

Shell Oil Co. (FOB Texas refinery)

(Commercial) approximately 1.6 to 3. cents/lb

The Matheson Co. (FOB East Rutherford, N.J.)

(95% purity) 122 lb/cyl - $43.93

Phillips Petroleum Co. (Prices FOB Borger, Texas)

(99% purity) 244 lb/cyl -- $110.00

(95% purity) 244 lb/cyl -- $ 47.00

AS-1



Pratt & Whitney Aircraft
PWA FR-1443

m

i

o

t4
O

I>

¢,et

,n

!

a,
..4

BUTANE

1000. r-- --_ ......... ,........................................ '............

I00..-.......................................

i ;
I0._- .......

[

1.0 -- ........

!

0.1

45

4O

35

3O

25

, !

f

I// ,

i /'r 1 I ) I

• i/ I i _ 1 1

......._/___ ....... !.____.::±_____....................

/ '

/! !- -i '
I

................... !........... ] '
___J ..................................

i / , i
/ , !

! / " ,

/ i

• i._,----r-- Freezing Pm_t , : ..... :, . . ; : ,. : , ., _ . . _ ".- ;- .... : ._;_ ....... ;.__ :._ .- .....

i: _Boi'_ing P.bi_ i i : i ,: i

)L" :. _+-+ : •, --i--+--_i
,,, .... , ,,,,) ..... ) , ,

' '::) : . _ ] ", ! I : _ : " ' i_ _ i\
....._..-A.........................................I........I................. : ! _: :\:
:::) ' ! " ) i : I 1 • , : . : i : "k

........... _ " _ L !
_4-'r!.-.:) " :', .... 1 .... ) : .........................

i:: ___E___ i...... ! !

300 400 500 600 700 800

2O

15

lO
200

Temperature - °R DF 321 I0

A8-2



Pratt 8, Whitney Aircraft
PWA FR-1445

BUTANE

0.01

L_

!

I

0

L)

L}

o
L) '

_Q
0

o

,.Q

_q

0

U

U

O. 001

0. 0001

0 0(300 !

0.08

0.07

0.06

0.05

O. 04

0.90

O. 80

O. 70

o. 60

O. 50

0.40
200

_ Freezing Point

Free zing Point

i ii ii i

--..._.

 oil,ng

Critical Point X
m---

m i

Critical Point >/
' / o

/
/

/

/

/__ Freezing Polnt

"_"" Boiling Point/
300 400 500 600 700 800

Temperature _ o R DF 32097

A8-3



Pratt & Whitney Aircraft
PWA FR.144_

PENTANE

SUMMARY OF PROPERTIES

Chemical formula

Molecular weight

Freezing point (normal), °R

Boiling point (normal), °R

Liquid density (at 537°R), lb/ft 3

Critical temperature, OR

Critical pressure, psia

Critical volume, fta/lb

Heat of vaporization, (at NBP), BTU/lb

Heat of fusion, BTU/lb

Heat of formation (liquid at 537°R),

BTU/lb

Autoignition temperature, °R

Flammability limits in air,

volume percent

I.C.C. CLASSIFICA TION--

Flammable liquid "Red Label"

Reference

C5H12

72.146

258.2 5

556.6 5

38.7 14

846.2 5

479.09 5

0.0690 5

153.59 7

50.17 2

--1032. 2,5

987. 2

5.3 - 14. 12

TOXICITY

Pentane is a colorless liquid.

when inhaled.

It is slightly toxic and has a narcotic effect

COST AND AVAILABILITY

Phillips Petroleum Co. (Prices FOB Borger, Texas)

(99% purity) 54 gallon drum (283 lb) -- $142.00

(95% purity) 54 gallon drum (283 lb) -- $ 71.00

(commercial) 54 gallon drum (283 lb) -- $ 32.40

-- $ 23.80 2 to 4 drums

-- $ 22.20 5 to 39 drums

-- $ 20.00 40 or more drums

Tank car quantities (approx. 42,000 lb) -- $ 0.027/lb

Transportation -- tank car $1.46/cwt -- to WPB, Fla.

tank truck $2.44/cwt -- to WPB, Fla.
drums are non-returnable
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ISO.PENTANE

(2-METHLYBUTANE)

SUMMARY OF PROPERTIES

Chemical formula

Molecular weight

Freezing point (normal), °R

Boiling point (normal), °R

Liquid density (at 537°R), lb/ft 3

Critical temperature, °R

Critical pressure, psia

Critical volume, ft'_/lb

Heat of vaporization, (at NBP), BTU/lb

Heat of fusion, BTU/lb

JtCdt Of c ........ : .... _':--':_ at ,.,,,t
lgJ. llh1LIUI! _IJ,_ILLIUL 1%-),

BTU/Ib

Autoignition temperature, °R

Flammability limits in air,

volume percent

C5H12

72.146

2O4.2

541.9

38.3

829.2

476.

O.0685

145.7

30.74

--1069.

1.32 - 8.3

I.C.C. CLASSIFICA TION--

Flammable liquid "Red Label"

TOXICITY

Iso-Pentane is a colorless liquid with a pleasant odor.
and has a narcotic effect when inhaled.

Pratt & Whitney Aircraft
PWA FR-1443

Reference

5

5

14

5

5

5

2

2

2,5

COST AND AVAILABILITY

Philips Petroleum Co. (Prices FOB Borger, Texas)

(99% purity) 54 gallon drum (279 lb) -- $140.00

(95% purity) 54 gallon drum (279 lb) -- $ 70.00

(commercial) 54 gallon drum (279 lb) - $ 32.40

-- $ 25.40 2 to 4 drums

-- $ 23.80 5 to 39 drums

-- $ 21.60 40 or more drums

Tank car quantities (approximately 42,000 lb) -- $0.032/lb

Transportation -- tank car $1.46/cwt -- to WPB, Fla.

tank truck $2.44/cwt -- to WPB, Fla.

drums are non-returnable

A10-1
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METHYLCYCLOPENTANE

SUMMARY OF PROPERTIES

Chemical formula

Molecular weight

Freezing point (normal), °R

Boiling point (normal), °R

Liquid density (at 537°R), lb/ft 3

Critical temperature, °R

Critical pressure, psia

Critical volume, fta/lb

Heat of vaporization, (at NBP), BTU/lb

Heat of fusion, BTU/lb

Heat of formation (liquid at 537°R),

BTU/Ib

Autoignition temperature, OR

Flammability limits in air,

volume percent

COH12

84.156

235.3

621.0

46.4

959.0

549.0

0.0607

147.83

35.42

1.2 - 8.35

Reference

14

14

14

14

14

14

14

2

14

I.C.C. CLASSIFICATION

Flammable liquid "Red Label"

TOXICITY

Unknown

COST AND AVAILABILITY

Phillips Petroleum Co. (Prices FOB Borger, Texas)

(95% purity) 54 gallon drum (340 lb) -- $340.00

in large quantities the price would reduce

to approximately -- $0.50/lb

Transportation -- tank car quantities (1300 lb) $1.46/cwt

to WPB, Fla.
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2-METHYLPENTANE

(ISO-HEXANE)

SUMMARY OF PROPERTIES

Chemical formula C6H14

Molecular weight 86.172

Freezing point (normal), °R 215.1

Boiling point (normal), °R 600.2

Liquid density (at 537°R), lb/ft _ 40.4

Critical temperature, °R 896.6

Critical pressure, psia 440.1

Critical volume, ft:_/lb 0.0681

Heat of vaporization, (at NBP), BTU/lb 138.67

Heat of fusion, BTU/lb 31.33

Heat of formation (liqnid at 537°R),

BTU/lb --1020.

Autoignition temperature, OR

Flammability limits in air,

volume percent 1.2 - 7.7

I.C.C. CLASSIFIC.4 TION-

Flammable liquid "Red Label"

TOXICITY

Details unknown, may have narcotic or anesthetic properties.

COST AND AVAIL.4BILITY

Phillips Petroleum Co. (Prices FOB, Borger, Texas)

(95% purity) 54 gallon drum (296 lb) -- $740.00

Pratt & Whitney Aircraft
PWA FR-1443

Reference

14

14

14

14

14

14

14

2

14

A12-1
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SUMMARY OF PROPERTIES

RP-1

Chemical formula

Molecular weight

Freezing point (normal), °R

Boiling point (normal), °R

Liquid density (at 537°R), lb/ft a

Critical temperature, ° R

Critical pressure, psia

Critical volnme, fta/1 b

Heat of vaporization, (at NBP), BTU/lb

Heat of fusion, BTU/II)

Heat of formation (liquid at 537°R),

BTU/lb

Autoignition temperature, °R

Flammability limits in air,

volume percent

I.C.C. CLASSIF1CA TION--

Flammable liquid "Red Label"

TOXICITY

Reference

CH 1.9._;a 9

172. 9

420. I0

882. 9

44.9 9

1218. 9

315. 9

0.060 9

125. 9

20. 9

--757. 8

The Toxicity of RP-I is low: problems are similar to gasoline and kerosene.

COST AND A VAILABILITY

About $0.015 to $0.02 per pound ill tank car quantities.
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APPENDIX B

DETERMINATION OF SELECTED PHYSICAL PROPERTIES

OF LIQUID HYDROCARBON BLENDS

1. EUTECTIC DIAGRAMS

Analysis of the cooling curve for a binary hydrocarbon solution of

definite composition allows the determination of the freezing point of

that solution and the eutectic temperature for the system. By plotting

the freezing points of a series of binary mixtures against their known

compositions, the composition of the eutectic solution was determined

graphically. Several experimental considerations tend to limit the accuracy

of the procedure. The most significant of these are:

1. Equilibrium Kinetics: In the determination of a freezing point,

the temperature should be changed as slowly as practicable to

provide enough time for different phases in the system to come

to equilibrium. The time required for equilibrium to be attained

appeared to be closely related to viscosity. The more viscous

samples did not come to equilibrium even after several hours of

repeated seeding, stirring, and waiting. In less severe cases, tilff

time required for crystals to form or melt at a given temperature

was sometimes great compared to the temperature stability of the

apparatus, resulting in a slight scattering of the data.

2. Supercooling: In general, the solutions had to be cooled below

their melting points before freezing began. The amount of super-

cooling required depended on the rate of cooling, manner of

stirring, nature of temperature gradients, and the presence of

suitable crystal nuclei. Usually, if a sample had been frozen

and carefully warmed to its melting point, freezing could proceed

with very little supercooling. This was due to the presence of

tiny crystal nuclei. The term "melting point" refers to the lowest

temperature at which any frozen solids were suspended in a mixture

melt. This is the same temperature as the freezing point provided

proper techniques were employed to minimize supercooling.

a. Apparatus

Samples were placed in a double walled glass vessel. Cooling was

accomplished by surrounding the vessel with liquid nitrogen. By adjusting

the pressure of helium gas between the two glass walls surrounding the

sample, the rate of heat exchange between the sample and its surroundings

could be quickly adjusted. Temperature was measured with calibrated

copper-constantan thermocouples connected to a one-millivolt recorder with

adjustable zero point. Freezing points were observed visually or defined

as plateaus on the temperature-time recorder trace.
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A closed freezing point apparatus (figure B-l) was used for mixtures

composed of two liquefied gases or one liquefied gas and one normal liquid.

Mixtures were cooled to 125°R by evacuating the space above the liquid

nitrogen. An effective vacuum seal over the liquid nitrogen was obtained

by sealing the glassware to an aluminum plate with epoxy adhesive and

clamping the plate, sealed with a neoprene gasket, onto the liquid nitrogen

dewar. A heating coil of Nichrome wire was included to reflux vapors

frozen in the inlet tube back into the sample solution. Stirring was ac-

complished by bubbling helium through the sample.

An open freezing point apparatus (figure B-2) was used for mixtures

composed of two normal liquids. A blanket of helium kept air and moisture

out of the sample. The lower temperature was limited to 160°R since there

was no provision for changing the pressure on the liquid nitrogen. A

stainless steel stirring ring was operated electrically.

For temperature measurement in both apparatus, two copper-constan-

tan thermocouples were fabricated from the same spools of wire. Initial

calibration was made with a resistance thermometer as a reference in liquid

oxygen and liquid nitrogen. When extended calibration became necessary,

the melting points of several pure hydrocarbons, whose melting points

were known from the literature, were measured in the closed glass cryostat.

These two sets of data overlapped quite well and thereby provided cali-

bration in the range 1')5 to 270°R.

The two thermocouples were arranged in a circuit designed to provide

several cross checks in order to assure accuracy. Both thermocouple refer-

ence junctions were placed in a test tube half full of mercury suspended

in an ice bath. The mercury acted as a heat sink and prevented thermal

transients in the junctions. One of the thermocouple read-out junctions was

placed in liquid nitrogen and the other in the sample to be measured.

When the potential from the thermocouple in boiling liquid nitrogen

remained at a constant temperature equilibrium in the ice bath (as read

on the millivolt potentiometer) reference was assumed. This output was

then switched to a strip recorder through switch "A" (figure B-3). Then by

throwing switch "B," the sample temperature could be recorded as a function

of time. Frequent cross checks with the liquid nitrogen reference and

potentiometer allowed detection of recorder drift, which was usually

negligible.

b. Procedure

(1) Methane-Propane

A six liter stainless steel cylinder was dried and evacuated. Gaseous

methane and propane were mixed in the cylinder to the desired composi-

tion by adjusting their partial pressures.
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Figure B-1. Closed Freezing Point Apparatus FD 9554
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A schematic of the gas mixing apparatus is shown in figure B-4. To

gasify the composition, the mixture was analyzed with a gas chromatograph.

The melting point apparatus was thoroughly dried and evacuated. By

surrounding the apparatus with liquid nitrogen and filling the helium

jacket with helium to atmospheric pressure, the glassware was cooled to

140°R. By slowly admitting the analyzed mixture of gases, a solution of

liquid methane and liquid propane was formed in the freezing point ap-

paratus. By reducing the pressure in the helium jacket, the rate of cooling

was lowered. By reducing the pressure on the liquid nitrogen, freezing

points down to 125°R could be determined.

To Vacuum Pump _l II

......i......

I ' Manometer U

_" To Physical Property

Apparatus

Figure B-4. Gas Mixing Apparatus FD 9561

At temperatures slightly below the freezing point of methane, crystals
of methane formed on the walls of the container above the surface of the

unfrozen solutions. This phenomenon would pose a problem for tankage

when crystals would deposit on the walls above the liquid level of the fuel

blend provided the temperature is below the freezing point of the vapor.

This problem appears to be pronounced only in systems containing methane,

since the other hydrocarbons tested have considerably lower vapor pressures

near their freezing points. The eutectic point is at 126°R with 16%

methane as shown in figure B-5.

(2) Methane-Ethane

A portion of the methane-ethane freezing point curve was determined

by T. A. Whatley for U.T.C. in February 1964. Whatley's data did not go

below 140°R. Extrapolation appeared to indicate a eutectic point of 133°R

and 55% methane. By using the apparatus and procedure described for

methane-ethane, the predicted eutectic point was verified experimentally

as shown in figure B-6.
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Figure B-5

Effect of Blending on the Freezing Point and Cooling Capacity

of Hydrocarbon Fuels (Methane-Propane)
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Figure B-6

Effect of Blending on the Freezing Point and Cooling Capacity

of Hydrocarbon Fuels (Methane-Ethane)
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(3) Propane-Butene-1

Samples were prepared by mixing the two compounds in the gaseous

state as described in the methane-propane procedure. However, the freezing

point curve could not be determined because of the glasslike behavior of

Butene-1. On cooling, the solutions hardened without any inflection in

the cooling curve and without any visual evidence of crystallization.

(4) Propane-Pentane

Since propane is normally a gas and pentane is normally a liquid,

the preparation of these mixtures was somewhat more involved. A light-

weight 30 ml metal cylinder was evacuated and submerged in liquid

nitrogen. Propane gas was liquefied in the cylinder and allowed to warm

to room temperature. The cylinder and its contents were weighed to 0.1

milligram. The closed melting point apparatus was evacuated and filled

with helium at atmospheric pressure and cooled to 360°R. A measured

volume of pentane was introduced through the tapered glass joint with a

long needle syringe. The pentane was then frozen and the helium pumped

off. Propane vapors from the weighed cylinder were liquefied with the

frozen pentane. By noting the change in weight of the propane cylinder

and the density of the pentane added volumetrically, the weight composi-
tion of the mixture was determined.

Before determining the freezing point of the mixture, the pentane

was allowed to melt and thoroughly mixed with the liquid propane by

bubbling helium through the solution. The eutectic point is at 148°R

with 95% propane as shown in figure B-7.

(5) Butane-Pentane

These determinations followed the same procedure as described under

the propane-pentane procedure. The eutectic point is at 221°R with 68.0%

butane as shown in figure B-8.

(6) Propane-Propylene

A second metal weighing cylinder, similar to the propane weighing

cylinder described above, was fabricated for weighing samples of propylene.

Mixtures were made by liquefying quantities of the two gases from their

weighing cylinders into the melting point apparatus at 160°R. The eutectic

temperature was observed clearly at 137°R with 48% propane as shown in

figure B-9.
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Figure B-7

Effect of Blending on the Freezing Point and Cooling Capacity

of Hydrocarbon Fuels (Propane-Pentane)
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Figure B-8

Effect of Blending on the Freezing Point and Cooling Capacity

of Hydrocarbon Fuels (Bulane-Pentane)
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Figure B-9

Effect of Blending on the Freezing Point and Cooling Capacity

of Hydrocarbon Fuels (Propylene-Propane)
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(7) Propane-Isopentane

Since the remaining three systems (7, 8, and 9) were all composed of

normal liquids, the simpler open apparatus was used to determine the

freezing points. The liquids were weighed in stoppered glass containers

and transferred to the freezing point apparatus under a blanket of helium.

The viscosity of pentane-isopentane mixtures appeared quite low and

freezing required little supercooling. The eutectic point is at 196°R with

14.0_o pentane as shown in figure B-10.

(8) Methylcyclopentane-2-Methylpentane

These mixtures took considerable time to come to equilibrium because

of the glasslike behavior of 2-methylpentane. The viscosity increased sharply

as the freezing point was approached. The eutectic point is at 197°R with

31% methylcyclopentane as shown in figure B-11.

(9) 2-Methylpentane-Isopentane

The eutectic point could not be determined due to several indeter-

minate freezing points. Seeds of both materials were stirred into mixtures

of 32.2, 51.6, and 66.7 percent 2-methylpentane for 1 to 2 hours without

inducing crystallization. The temperatures listed for these points represent

merely the point at which the solutions were so viscous that mechanical

stirring became difficult. The eutectic point is estimated at 184°R with

36% 2-methylpentane as shown in figure B-12.
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Figure B-IO

Effect of Blending on the Freezing Point and Cooling Capacity

of Hydrocarbon Fuels (Pentane-lsopentane)
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Figure B-12

Effect o] Blending on the Freezing Point and Cooling Capacity

of Hydrocarbon Fuels (Isopentane-2-Methylpentane)
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Figure B-11

Effect of Blending on the Freezing Point and Cooling Capacit 7

of HTdrocarbon Fuels (2-Methylpentane-Methylcyclopentane
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2. DENSITY

a. Apparatus

A glass dewar, 7 inches long and 1 inch diameter was modified for

admitting helium to the vacuum jacket (figure B-13). The dewar was fitted

with a neoprene stopper with appropriate glass fittings for providing a

helium blanket, and openings for the stirrer, thermocouple, and 1 ml quartz

bob. The quartz bob was suspended with two feet of fine platinum wire

from a one-pan substitution weighing balance. A ring stirrer was operated

by an electric motor through a rotary to linear drive gear box to minimize

the adverse effects of air currents on the balance.

Balance

[ 0 0 [ _ Electric Motor

Th ...... P'e'_h' [_'_'Lj_-e_:cmu m

IJ IIIJ IIIII,/ --sam'leII, I,r.xI
"}-I llllll 1_Qu..,Bob

P Stirrer

Figure B-13. Cryogenic Density Apparatus FD 9555

b. Procedure

The bob was weighed in water at room temperature and in air. By

determining the difference in weight and the density of the water, the

volume of the bob was calculated.

(1) Pentane-Isopentane

Approximately 75 ml of the pentane-isopentane eutectic solution was

placed in the cryostat and cooled to the desired temperature with constant

stirring. When the dewar was evacuated, the temperature remained constant

for approximately five minutes, allowing sufficient time for at least two

weighings of the bob. Just prior to releasing the bob for the final weighing,

the stirrer and helium purges were turned off to eliminate any slight effect

on the balance. Results are shown in figure B-14.
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Figure B-14

Densit 7 of Penlane-Isopentane Eutectic Solution
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(2) Propane-Propylene

The dewar was fitted with a one-hole rubber stopper and evacuated.

The dewar was then cooled in liquid nitrogen and filled with the propane-

propylene eutectic solution using the procedure described in the freezing

point determinations. After covering the sample with a helium blanket,

the quartz bob, thermocouple, and stirrer were positioned in the sample.

Determination of the density then proceeded as described above. Results

are shown in figure B-15.
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Figure B-15

Density of Propane-Propylene Eutectic Solution

46.6

46.4

46.2

"_ 46.0

!

45.8

Z
45.6

45.4

45.2

45.0

AA R

_ti40

• !

\
\

\
\

\
\

\

\
\

150 160 170 180 190

TEMPERATURE - OR

DF 34008

(3) Methylcyclopentane-2 Methylpentane

It was not possible to eliminate temperature gradients throughout the

sample because of its considerably higher viscosity. By attaching the thermo-

couple to the ring stirrer, various temperatures throughout the sample were

recorded. When the temperature variations remained with -+- I°R of the

mean, the average density was determined. Results are shown in figure B-16.

3. VISCOSITY

a. Apparatus

Two stainless steel dewars, one fitting inside the other, were fitted with

flanges and bolted together, (figure B-17). The cover for the inner dewar

contained three round annealed glass windows bonded with silicone potting

compound, an electrical feed-through, a glass sample inlet, and several

tubing connections.

Four 2-volt lamps were positioned in the dewar near the viscosimeter

to increase visibility.
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Figure B-16

Density of Methylcyclopentane-2-Methylpentane
Eutectic Solution
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Figure B-17. Cryogenic Viscosity .4pparatus FD 9557
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A helium purge was found necessary to prevent a vertical temperature

gradient and the formation of frost on the mirrors. Since room temperature

helium tended to warm the sample, the purge was cooled in a heat exchanger

submerged in liquid nitrogen. Temperatures between 260°R and 150°R

could be controlled within -+ 1°R.

b. Procedure

Propane gas was used as a calibrating fluid and liquefied directly, in a
size No. 1 Ubbelohde viscosimeter. The time of efflux was measured with

a stopwatch by visual observation of the reflected image of the viscosimeter

through the windows. Since the viscosity value found by using the tube

equation supplied by the manufacturer was in good agreement with the

accepted value, the decision was made to use the tubes without recalibration.

(1) Pentane-Isopentane

The apparatus was filled with helium gas at atmospheric pressure and

cooled to 260°R. The sample was poured into the viscosimeter through

the tapered glass cap. Trial runs in the No. 1 tube were too lengthy and a

No. 2 tube was used. Viscosity measurements were completed as above and

are shown in figure B-18.

Figure B-18

Viscosity of Pentane-Isopentane Eutectic Solution
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(2) Propane-Propylene

Weighed quantities of propane and propylene from the small gas

weighing cylinders were transferred at room temperature into the 6 liter

cylinder at 140°R. Then, by warming the 6 liter cylinder to room tem-

perature, the eutectic solution was vaporized to produce a mixture of pro-

pane and propylene gases with the same weight composition. This gas

mixture was liquefied in the viscosimeter, and the viscosity measured as

described above and the data shown in figure B-19.

Figure B-19

Viscosity o[ Propane-Propylene Eutectic Solution
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(3) Methylcyclopentane-Methylpentane

Since the viscosity increased sharply as the freezing point was ap-

proached, two separate determinations were required to establish consistent
data. The same No. 3 tube was used for both sets of data. The data is

included in figure B-20.
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Figure B-20

Viscosity of Methylcyclopentane-2-Methylpentane
Eutectic Solution
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4. VAPOR PRESSURE

For a eutectic solution of pentane (14%)-isopentane (86%), the vapor

pressure was measured at 539 ° R. The measured vapor pressure was 699 mm

Hg (0.920 atm) compared to 697 mm Hg (0.917 arm) predicted based on

the calculated vapor pressure for a true solution. The 2 mm Hg difference

is within the accuracy of the experiment. It is concluded, as expected, that

vapor pressure calculations based on the assumption of a true solution are

sufficiently accurate for the pentane-isopentane blend, and probably for all
other light hydrocarbon blends of interest.
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Figures C-1 through C-20 present theoretical shifting equilibrium

performance data for methane, propane, ethylene, butene-I and a blend

of 14% pentane- 86% isopentane with fluorine-oxygen (flox) blends. Flox

blends range from 0 to 100% fluorine by weight. Data are based on a 100

psia chamber pressure and nozzle expansion area ratios of 40 and 60. Inlet

conditions for the fuels and oxidizers were taken as liquids at their respec-

tive normal boiling points. It will be noticed that discontinuities occur in

the slopes of the characteristic velocity and chamber temperature curves at

the higher fluorine percentages. This discontinuity occurs at the mixture

ratio where solid carbon ceases to be formed as a chamber reaction product;

i.e., at mixture ratios above this point there is no solid carbon.

Thermochemical data used in the calculations are from tables pub-

lished by the Joint Army-Navy-Air Force (JANAF) Thermochemical panel.

These data are extended and revised quarterly. The theoretical perform-

ance values given in this appendix are based on latest JANAF data and are

slightly higher (about 1.0 sec for specific impulse) than previous values

HF. Data used in the propellant selection studies (Section III) are based

on the old data; however, these data were used consistently in the propellant

selection; the small differences would not affect the comparison. All data

reduction decks used for analyzing the test results are based on the new data.

For simple bipropellant combinations, the theoretical vacuum specific

impulse and other performance variables are usually calculated as a function

of oxidizer-to-fuel ratio for a particular chamber pressure and nozzle ex-

pansion ratio. With flox-LPG combinations, the percentage of fluorine

in the oxidizer is an additional variable that must be optimized to obtain

maximum specific impulse. Figures C-1 and C-2 show the vacuum specific

impulse for flox-methane with varying percentages of fluorine in the oxi-

dizer. Figure C-21 shows a cross-plot of the maxima of the curves from

figure C-2. Note that the percentage of fluorine in the oxidizer required

for maximum specific impulse is very sharply defined. The optimum per-

centage of fluorine is less than 100% because oxygen releases more energy

than fluorine in reaction with carbon, while fluorine releases more energy

with hydrogen. At the fluorine and oxidizer-fuel ratio for maximum specific

impulse, calculations show that CO and HF make up more than 99% of

the reaction products at the nozzle exit. The stoichiometric equation for

the oxidation of methane with fluorine and oxygen to form CO and HF is:

CH4 + 2F2 + 1/2 02 --¢,-C0+ 4HF
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The relative mole ratio of fluorine to oxygen is 4 to 1 ; this is equivalent

to 82.6% of fluorine by weight. The peak from figure C-21 is also 82.6%

fluorine. The sharp peak and the coincidence of this peak with the per-

centage calculated from formation equations like (C-l) have been found

for all hydrocarbon fuels investigated, regardless of the chamber pressure

or nozzle expansion ratio.

In figure C-22 the optimum mixture ratio for various flox-LPG com-

binations is plotted as a function of hydrogen-to-carl)on atomic ratio. The

excellent correlation obtained provides a simple means of determining the

oxidizer-to-fuel ratio for maximum specific impulse for any I,PG fuel or

for any blend of LPG fuels. By using first a stoichiometric equation for

the formation of CO and HF to determine the optimum percentage of

fluorine in the oxidizer, and then using the correlation in figure C-22 to

determine the optimum oxidizer-to-fuel ratio, the maximum specific impulse

can be determined by calculation of a single performance point, eliminating

the time and expense of constructing an extensive map of values as shown

in figure C-2.

Another interesting result of the flox-I_PG theoretical performance

calculations is that the fluorine concentration that provides the maximum

specific impulse also permits a higher engine mixture ratio than do other con-

centrations, as seen in figure C-2. Because the flox blends have higher

densities than any of the LP(; fuels, this higher mixture ratio is desired

to increase propellant bulk density. For all of the coml)inations studied,

the flox-LPG bulk density at the optimum mixture ratio is greater than

the bulk density of the same fuel with fluorine at optimum mixture ratio

even though fluorine itself is more dense than flox.
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Figure C-1
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Figure C-2
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Figure C-3

Theoretical Performance o[ Fluorine-Oxygen Mixtures
with Methane

Characteristic Exhaust Velocity vs Mixture Ratio
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Figure C-4
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Figure C-5

Theoretical Performance of Fluorine-Oxygen Mixtures

with Propane
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Figure C-6

Theoretical Per[ormance o[ Fluorine-Oxygen Mixtures
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Figure C-7

Theoretical Per[ormance of Fluorine-Oxygen Mixtures

with Propane

Characteristic Exhaust Velocity vs Mixture Ratio
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Figure C-8
Theoretical Performance of Fluorine-Oxygen Mixtures

with Propane
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Figure C9

Theoretical Per[ormance of Fluorine-Oxygen Mixtures

with Ethylene
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Figure C-11

Theoretical Performance of Fluorine-Oxygen Mixtures
with Ethylene

Characteristic Exhaust Velocity vs Mixture Ratio
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Figure C-13

Theoretical Performance o[ Fluorine-Oxygen Mixtures
with Butene-1
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Figure C-14

Theoretical Performance of Fluorine-Oxygen Mixtures
with Butene-1
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Figure C-15

Theoretical Per[ormance of Fluorine-Oxygen Mixtures
with Butene-1
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Figure C-16

Theoretical Performance of Fluorine-Oxygen Mixtures
with Butene-1
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Figure C-17

Theoretical Per[ormance 01 Fluorine-Oxygen Mixtures
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Figure C-18

Theoretical Per[ormance o[ Fluorine-Oxygen Mixtures

with 14% Pentane -- 86% lsopentane

.................... V__acu__m_Sp_ecific Impulse vs Mixture Ratio

J

Chamber Pressure - 100 psfa

Area Ratio - 60

Shifting Equitibrium Expansion

: L[qu£d F2_O 2 Mixtures at Normal Boillng Point

.. Ltqui.d C5H12 at: 537°R

T

5 6

F 2 in

80
50

74

30

90

100

OXIDIZER-FUEL RATIO, r

-}
i
s

DF 376OO

C-20



Pratt & Whitney Aircraft
PWA FR-1443

Figure C-19

Theoretical Performance of Fluorine-Oxygen Mixtures
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Figure C-20

Theoretical Per[ormance o[ Fluorine-Oxygen Mixtures

with 14% Pentane -- 86% Isopentane
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APPENDIX D

HYPERGOLIC IGNITION TESTS

It is well known that light hydrocarbon fuels, such as methane and

propane, will ignite hypergolically with fluorine over a wide range of

temperatures, pressures, and mixture ratios. In addition, JP-4 is hypergolic

with mixtures of fluorine and oxygen (Reference 1") and hydrogen will

ignite with fluorine-oxygen mixtures (Reference 2). However, it was not

known if the light hydrocarbon fuels would ignite hypergolically with

fluorine-oxygen mixtures over the range of physical conditions normally

encountered in rocket motor applications.

An experimental program was undertaken to investigate the ignition

characteristics of flox with methane, ethylene, propane, propylene, butene-1,

and a eutectic blend of 14% pentane and 86% isopentane. In addition,

the hypergolic ignition of gaseous hydrogen with gaseous fluorine was

studied in the same ignition rig for comparison.

1. EXPERIMENTAL RIG

_ll_vvll xll _x_uz_ _VL_A_vI ll_ Ud3IL i_IIILIUi"i LI_SL rig', .... ;ol-_A n_ a eP, m]%ll¢_

tion chamber and an injector. The chamber diameter was 1.20 inches over

a length of 2.60 inches from the injector face to a convergent section up-

stream of the chamber throat. The convergent and divergent sections

approaching and leaving the 0.40-inch diameter throat were at angles of

45 and 30 degrees, respectively, with the chamber axis. The characteristic

chamber length for the test rig was approximately 25 inches.

Two injectors were chosen for use with the combustion chamber.

Although each differed in the manner in which the oxidizer and fuel were

brought into contact within the combustion chamber, the same basic injector

housing was used. The housing was fabricated with an integral cooling

passage, through which liquid nitrogen could be flowed for some of the

tests to prevent the liquid oxidizer from flashing to a gas or to a two-phase

mixture prior to injection.

The first injector, shown in figure D-l, was a single-element concentric

type. The oxidizer injection element (with swirler) and fuel annulus com-

bination for the test rig injector was identical to an RL10 injector element

except that the length/maximum diameter ratio for the fuel annulus was

approximately twice that for the RL10 injector fuel annulus. Oxidizer

and fuel flow areas in this injector were 0.0057 and 0.0161 in. 2, respectively.

* References in this appendix are listed in paragraph 5.
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Figtire D-I .  Flox-Hytlroc.nrOon illiniotuie l i o c k c t  Engine Ignition Tester FD 9558 

The second injector was of the impingement type and is shown in 
figure D-2. The  oxidizer injection element and injector housing were 
identical to the injection element and housing for the concentric injector; 
however, a propellant impingement plate was adapted to the face of the basic 
injector housing to convert the injector to one in which three fuel streams 
impinged upon the oxidizer stream. T h e  total area of the fuel impingement 
orifices was 0.01 I(i in.'. T h e  fuel injection angle provided for impingement 
within inch of the injector face. 

2. TEST STAND AND INSTRUMENTATION 

The test stand on which the hypergolicity tests were performed is 
shown photographically in figure D-3 and schematically in figure D-4. For 
the gaseous oxidizer - gaseous fuel tests, the LN., heat exchanger and liquid 
run valves shown in figure D-4 were not required. 

The test stand sensing instrumentation consisted of ( 1 )  propellant 
supply pressure sensors, (2) a flox mixing tank pressure sensor, ( 3 )  propellant 
and heat exchanger temperature sensors, and (4) propellant flow control 
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orifice static and differential pressure and temperature sensors. T h e  pres- 
sure sensors were standard 4-arm bridge strain gage pressure transducers; 
the temperature sensors were bare-wire copper-constantan thermocouples. 
T h e  recording instrumentation consisted of strip charts and a high-speed 
direct reading 36-channel oscillograph. Parameters needed for test stand 
control, as well as those parameters for which rapid response was not 
necessary, were recorded on strip charts; all other parameters were recorded 
on the oscillograph. Sequencing of the valves controlling the propellant 
flow into the test section and sequencing of the valves controlling the inert 
gas purge flow were done mechanically with a cam-operated sequencer for 
each test. 

Figzire 1)-2. Single Oxidizo.  Element Fziel-oti-Oxidi;o- Iwipingcrtrent FE 4 i 4 f 3  
Injector 

T h e  experimental chamber was instrumented to sense ignition and 
hardware temperature. Ignition was detected simultaneously by ( I )  two 
1 / I  6-inch bare-wire, chromel-alumel therrnocotiples that extended into 
the combustion chamber, (3) a 0-100 psig, $-inch, 4-arm bridge strain gage 
pressure transducer, and (3) a cadmium selenide photoconductive cell. 
Chamber wall and injector head temperatures were sensed b y  a 1/16-inch 
bare-wire, chromel-alumel thermocouple and a 1/ l(i-inch standard contact 
type copper-constantan thermocouple, respectively. 
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Figure 11-3. Hypergolic Ignition Tes t  Stand FD 10624 

3 .  EX PE RIhlEN T A  L P R  0 C: ED CT R E 

For the gaseous propellant tests, a supply of gaseous flox (sufficient for 
3-5 tests) was first prepared by alternately introducing gaseous fluorine 
and oxygen into the flox mixing tank until the desired oxidizer composition, 
a t  a preselected supply or driving pressure, was obtained. T h e  gaseous fuel 
supply pressure was then set with a remote-controlled pressure regulator. 
T h e  test w i s  initiated by actuating the mechanical sequencer that controlled 
the purge gas, propellant flow precedence and lead time, fuel lag at shut- 
down, and test duration time. T h e  sequence of events for ;I typical test, in 
which fuel and oxidizer purge flows are already in process, is: 
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1. Close fuel purge valve and open fuel run valve simultaneously.

2. Close oxidizer purge valve and open oxidizer run valve

simultaneously.

3. After approximately 100 milliseconds, close oxidizer run valve

and open oxidizer purge valve simultaneously.

4. Close fuel run valve and open fuel purge valve simultaneously.

To investigate the effect of combustion chamber reduced initial pressure

on ignition delay time, the chamber was equipped with a blowoff plate

at the nozzle exit plane. The plate was maintained in place prior to

ignition by a pressure differential across the plate caused by the action

of a gaseous nitrogen ejector, as shown in figure D-4. After ignition, the

pressure generated within the combustion chamber released the blowoff

plate. This procedure was not successful for the reduced temperature

tests because a simple pressure differential seal could not be effected with

the hardware on hand after the injector and chamber were cooled down;

hence, no reduced temperature -- reduced pressure tests were conducted.

Heating Tape_.__

Burnstack Burnstack
t

Burnstack ._ _t
t " Flox Mixing Ii'

_[ [ 7 Tank | -

, " nn-W .$.i=,.n
Heat _ _ Heat ; _ l
ExchangerY_ _" Exchanger tf '_ _

Tank g

_'_ _ Ixl Remote OperatingValve
'21 _ b_l Check Valve

GN 2 _.. Burnalack -,'k. Ru-ture Disc
_jector _- v

--II- Orifice

I_1 Remote Loading

Pressure Regulator

Figure D-4. Flox-LPG Ignition Test Stand Schematic FD 9559B

Some modifications were made to the experimental procedure to permit

testing with liquid oxidizer and liquid fuel. The gaseous flox was prepared,

as previously described, in the desired concentrations, and liquefied in the

flox supply line within the LN 2 heat exchanger shown in figure D-4. The

liquid flox was then pressurized with gaseous helium to the supply pressure

necessary to give the desired flox flow rate. During the time in which liquid

flox was being generated, the injector head was being cooled with liquid

nitrogen. Except for butene-1 and the pentane blend, which are normally

liquids at 540 ° R, the other hydrocarbon fuels were liquefied and pressurized
in a manner similar to that used for the flox mixtures.
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A change in procedure was made during the attempted liquid methane

test series. The other hydrocarbon fuels investigated have relatively wide

temperature bands in which the fuel could remain in the subcooled liquid

phase; it was possible to liquefy them and keep them above their respective

freezing temperatures. However, the liquid temperature range for methane

is small and the fuel could not be kept from accidentally freezing. Therefore,

the procedure used was to deliberately freeze the methane in the fuel supply

line just upstream of the fuel run valve, and then to warm the line slowly

until fuel flow was indicated when the fuel flow control valve was cycled

rapidly. When it was apparent that liquid methane was available, the pro-

gram sequencer was actuated and a test was made.

4. TEST RESULTS

Before discussing the experimental results the following definitions

are made:

I.

.

Equivalence ratio: The ratio of the stoichiometric (oxidizer/fuel)

mixture ratio to the mixture ratio at ignition for the oxidizer

and fuel being tested.

Ignition delay time: The time interval between the inception

of flow of the lagging propellant at the static pressure tap of the

flow controlling and measuring orifice (just upstream of the

combnstion chaml)er) and the time of the first indicated response

from a reaction in the chamber as sensed and measured by the

pressure, temperature or photosensor.

In figure D-5, the ignition delay time is taken as the interval between

inception of oxidizer flow and the initiation of chamber temperature rise.

The ignition sensors responded simultaneously in almost all tests. In the

tests in which there was a difference in sensor actuation, the ignition delay

time corresponding to the sensor that yielded the most rapid response

was reported. Discrepancies were never more than a few milliseconds.

The transient time for propellants flowing from the static pressure

tap to the combustion chamber was 1-6 milliseconds for all supply pressures.

For ignition delay time comparison studies, this range of values is con-

sidered acceptable within the accuracy of an experimental system. Correct-

ing for this transit time has no significant effect on the trends resulting from

this study. Any ignition delay time that is measured for a flowing hyper-

golic propellant system (in other than the exact configuration in which

the propellants will be used) is, of necessity, a comparative or qualitative

estimate; consequently, absolute values of delay time were not considered

as important as the relative value of delay time and trends resulting from

a consistent experimental procedure that was used in all tests.
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A total of 161 hypergolic ignition tests was made over a wide range

of operating conditions, of which 138 were made with flox and light

hydrocarbons and 23 were made with fluorine and hydrogen. This total

excludes cold-flow tests and tests in which there were system and instru-

mentation malfunctions. Results are summarized briefly in table D-1

for all fuels, and in detail in tables D-2 through D-8 by fuel type.

As shown in table D-I, test conditions were widely varied to enable

an overall survey of flox-hydrocarbon hypergolicity to be made. As a result,

few tests were made in which the more important parameters, such as

propellant temperature, pressure and flox concentration, were identical

for each fuel examined. Consequently, this study shows general trends

regarding the effect of system variables on flox-hydrocarbon hypergolicity,

rather than unequivocal conclusions.

a. Propellant Temperature

Except for methane, the general effect of reducing propellant tem-

peratures was to increase the flox-hydrocarbon ignition delay time.

b. System Initial Pressure

Except for butene-1, the general effect of reducing initial chamber

pressures was to decrease the flox-hydrocarbon ignition delay time. This

is not considered a true pressure effect; it is attributed to reduced amounts

of oxidizer and fuel purge gases being present in the combustion chamber

to dilute the incoming oxidizer and fuel. The purge gases that are normally

present in small amounts in the combustion chamber are largely removed

by the action of the nitrogen ejector that was used to evacuate the com-

bustion chamber prior to a reduced pressure test. The presence of purge

gases has been shown in the literature to suppress, or otherwise influence,

the ignition of many oxidizer-fuel mixtures. This effect is discussed in

paragraph g.

c. Propellant Precedence

To reduce the ignition delay time, a fuel lead was found to be more

effective than an oxidizer lead, using the concentric injector with the pro-

pellants methane and flox at fluorine concentrations of 75 and 82.6%,

both propellants at a temperature of 540°R.

d. Flox Concentration

With an oxidizer lead, the general effect of increasing the fluorine

concentration in the oxidizer was to decrease the flox-hydrocarbon ignition

delay time. This was found to be the case in seven tests using 540°R flox

and 540°R methane and in three tests using liquid [lox and 540°R propylene.

These tests were made at 14.7 psia using the concentric injector.
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With a fuel lead, no general effect of increasing the fluorine concen-

tration in the flox was apparent. With all other conditions the same (con-

centric injector, 14.7 psia initial pressure, 540°R flox and 540°R fuel)

increasing the flox concentration decreases the ignition delay time for

flox-ethylene and flox-propylene, and increases the ignition delay time

for flox-methane. Because of insufficient testing at other conditions, further
conclusions cannot be made.

e. Injector Type

The only tests in which a comparison between the concentric and the

impinging injectors can be made were those at 14.7 psia initial chamber

pressure where the oxidizer and the fuel were at 140°R and 540°R, re-

spectively. For flox-ethylene and flox-propylene, the concentric injector

was more effective than the impinging injector. For flox-methane, flox-

ethylene and flox-butene-1, however, the impinging injector was more

effective than the concentric injector.

f. Propellant Mixture Ratio at Ignition

From an attempt to correlate ignition delay times for each flox-fuel

combination that was studied with some basic or derived parameter, it

was found that under identical conditions of propellant temperature,

system pressure, propellant precedence, flox concentration and injector

type, a linear relationship between ignition delay time and propellant

equivalence ratio at ignition was obtained for the flox-pentane blend

combination as shown in figure D-6. As the equivalence ratio at ignition

increased, the ignition delay time decreased.

The same general ignition delay time -- equivalence ratio relationship

was found for the other hydrocarbon fuels, not only when test conditions

were identical within each group of flox-hydrocarbon combinations but

for all tests within each fuel group regardless of fuel temperature, system

pressure, propellant precedence, flox concentration or injector type. How-

ever, each fuel is influenced differently. As shown in figure D-7 for all

flox-hydrocarbon combinations, and in figures D-8 through D-12 for each

flox-hydrocarbon combination separately, the fuels in the order of de-

creasing dependency on the equivalence ratio at ignition are butene-1,

methane, propane, the pentane blend, propylene and ethylene. It is also

seen that the fluorine-hydrogen combination is strongly dependent on

propellant equivalence ratio.
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For methane, it also appears that the ignition delay time is not only

a function of the equivalence ratio at ignition, but also of the fuel flow

rate at ignition: at least in the tests where 140°R flox and cold fuel were

used. There were not enough tests made at other temperatures over a

range of flow rates to make any general conclusions regarding the effect

of temperature and flow rate on ignition delay time for methane. As

shown in figure D-8, where the data from all the flox-methane tests are

presented, three curves appear to be possible: one at low values of fuel

flow rate, one at the fuel flow rates corresponding to those of the other fuels

investigated, and one at an intermediate flow rate value. This flow rate

dependency was not readily evident with the other fuels tested because the

flow rates throughout the test series remained nearly the same.

[-,
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Z
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1000 __
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0.10 1.0 10.0

EQUIVALENCE RATIO - r 8toichiometrie /r at ignition

Figure D-6. Variation in Ignition Delay Time with Equivalence

Ratio [or 14% Pentane -- 86% Isopentane Blend
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g. Propellant Dilution

Some of the data scatter shown in the ignition delay time -- equivalence

ratio curves for the propellant combinations studied may be explained in

part in that conditions were not exactly equivalent in the combustion

chamber before the start of each test. There were some indications that

the reaction in the combustion chamber is influenced by an interaction

between the purge gas and the leading propellant prior to the entrance

of the lagging propellant, thereby affecting the ignition delay time. Whether

this interaction has a significant effect on flox-hydrocarbon hypergolicity

cannot be ascertained without ccnsiderably more study. However, there

is some indication in the literature (Reference 3) that a nitrogen-dilution

effect on hypergolicity may exist under certain conditions for fluorine-

hydrogen and flox-hydrogen mixtures.

By itself, the pressure of a purge gas (such as nitrogen or helium) in a

hypergolic oxidizer-fuel mixture might not inhibit or otherwise influence

the reaction. The surface-to-volume ratio of the confining reaction vessel,

and the condition of the vessel inner lining also have a paramount effect.

For example, the work of Coward and Jones (Reference 4) shows that the

addition of increasing amounts of a chemically inert substance causes the

flammability limits of a gas to vanish; however, the effectiveness of the

inert substances (on a volume basis) varies as the reaction vessel dimensions

change.

Work was reported by Gayle and Tubbs (Reference 5) on the effective-

ness of different agents used for suppressing ignition of oxygen/RP-1 and

oxygen/hydrogen mixtures under flow conditions.

The effect of purge gas on ignition delay time appeared to be demon-

strated during the gaseous fluorine -- gaseous hydrogen tests. Fixed purge

gas rates were maintained in tests No. 110 through 118; therefore, com-

position of the purge gas in the chamber (nitrogen from the fuel side

and helium from the oxidizer side) prior to each test should have been

nearly identical. From these tests, the well-defined linear correlation of

ignition delay time with equivalence ratio shown in figure D-13 was

obtained. However, in the remainder of the fluorine-hydrogen tests (tests

No. 119 through 132) purge-gas flow rates did not remain fixed. The

consistent test procedure that was used up to this point was changed. In

an attempt to conserve helium, nitrogen was substituted for the helium

purge gas on the flox side until immediately prior to a test (there was a

longer time period between tests as compared to the earlier tests). There

is evidence that the helium purge-gas flow rate (which was reset from test-

to-test during tests No. 119 through 132) was not the same as the purge-gas

flow rate that existed during tests No. 110 through 118. Consequently,

the concentration of the purge gas in the combustion chamber prior to
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Figure D-13. Variation in lgnition Delay Time with Equivalence FD 13259

Ratio [or Fluorine and Hydrogen [or Tests No. 110
through 118

each fluorine-hydrogen test was not the same; this variation in chamber

conditions may have affected the linear delay time -- equivalence ratio

relationship. All the data from the fluorine-hydrogen hypergolicity test

series are shown in figure D-14. Although a purge dilution effect might

be significant in small chemical reactors with low flow rates, such as those

used in the flox hypergolicity program as well as in the referenced literature,

it is unlikely that the purge gas will seriously influence the reaction in-

duction period or ignition delay time in a large-scale propellant reaction

system.

D-23



Pratt & Whitney Aircraft
PWA FR-1443

r_

m

z

z

100

10

1
10

I
100

EQUIVALENCE RATIO - r stoichiometric/r actual

(_ Tests No. Ii0 - 118

A Tests No. 119 - 132

I000

Figure D-14. Variation in Ignition Delay Time with Equivalence
Ratio ]or Fluorine and Hydrogen

FD 13260

5. REFERENCES

1. Rothenburg, E. A. and P. M. Ordin, "Preliminary Investigation of

Performance and Starting Characteristics of Liquid Fluorine-Liquid

Oxygen with Jet Fuel," NACA RM E53J20, January 1954.

2. Rollbuhler, R. J. and D. M. Straight, "Ignition of a Hydrogen-Oxygen

Rocket Engine by Addition of Fluorine to the Oxidant," NASA TN

D-1309, July 1962.

3. Levy, J. B. and B. K. W. Copeland, "The Kinetics of the Hydrogen-

Fluorine Reaction -- II. The Oxygen Inhibited Reaction," J1 Phys.

Chem 69, No. 2, February 1965.

4. Coward, H. F. and G. W. Jones, "Limits of Flammability of Gases and

Vapors," Bureau of Mines, Bulletin 503.

5. Gayle, J. B. and H. E. Tubbs, "Effectiveness of Various Agents for

Suppressing Ignition of RP-1 and Hydrogen under Flow Conditions,"

NASA TN D-2581, January 1965.

D-24



Pratt & Whitney Aircraft
PWA FR-1443

APPENDIX E

HEATED TUBE TESTS

Heated tube heat transfer tests were conducted with six hydrocarbon

fuels: (1) methane, (2) propane, (3) propylene, (4) butene-1, (5) a eutectic

blend of 48_o propane and 52.o/0 propylene, and (6) a eutectic blend of 14_o

n-pentane and 86_o isopentane. Determinations of the maximum nucleate

boiling heat flux, or peak heat flux, were made at fuel inlet temperatures

from 160 to 520°R, subcritical and supercritical fuel inlet pressures (140

to 800 psia), and fuel inlet velocities of 1.,'4 to 28 ft/sec. Film boiling

heat transfer coefficients were also measured for various fuel flow condi-

tions to obtain data for prediction of wall temperatures at conditions where

the maximum nucleate boiling heat flux is exceeded.

1. TEST FACILITY

A schematic of the cryogenic heated tube facility is shown in figure E-1.

The system consists of a run tank, precooler, surge tank, test section, and

exhaust system, as well as the required control and instrumentation systems.

Electric power for heating the test section is supplied from a 100-KW

alternating current variable power supply. Various coolants, such as liquid

nitrogen, may be used in the precooler to lower the fuel temperature before

it enters the test section tube. The surge tank serves to prevent pressure

fluctuations, caused by boiling instabilities in the test section tube, from

propagating upstream to the precooler, flow meter, and run tank. Figures

E-2 and E-3 are photographs of the facility.

Pressurization Gas Tanks

+
Run

Tank

Exhaust

Cryogenic Pressurizing

Liquid Supply Gas Exhaust

Vacuum Jacket

0

Section- _

e Ol"

(_)- Valve

P • - Temperature Probe

- Pressure Transducer

Figure E-1. Schematic of Cryogenic Heated Tube Facility FD 7415
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A photograph of a test section tube before being instrumented and 
wrapped with insulation is shown in figure E-4. The  33-inch test sections 
were fabricated from 3/8-inch OD Inconel X 750 tubing with a wall 
thickness of 0.015 inch. Pressure taps were made by brazing a 1/16-inch 
OD tube to a bushing, which was in turn brazed onto the test section tube. 
A 0.020-inch diameter hole was then electro-discharge machined through 
the bushing and test section tube wall by passing the elox electrode through 
the 1/16-inch OD pressure tap tube. Electrical power was supplied to the 
test section tube through bus bar clamps that attached to the copper bush- 
ings on both ends of the tube. T h e  test section was instrumented with 16 
chromel-alumel thermocouples and I) voltage taps. 

Figure E-2. Cryogenic Heated Tube Test  Facility 

E-2 
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Figure E-5

Maximum Nucleate Boiling Heat Flux for Methane
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Figure E-3. T e s t  Section T u b e  C h a m b e r  F D  9551 

Figure E-4. Cryogenic Test Section Tube FD 9553 

2. MAXIM UAil NUCLEATE BOILING H E A T  FLUS D A T A  

Graphs of maximum nucleate heat flux vs the degree of local subcooling 
for all six fuels are shown in figures E-5 through E-10. All o f  these gmphs 
are for a pressure of 150 psia and shon- lines of  constant fuel inlet velocity. 
T h e  trends regarding the effect of velocity and su1)cooling on the maximum 
nucleate heat flux ;IS evidenced by these graphs agree with similar data 
for other fluids with one exception - the data for niethane does not exhibit 
a velocity effect o n  the n1;ixiniiirn heat flux for the velocity r a ~ ~ g e  of 1 .(i 
to 7.7 l't/sec. Data were not o1~t;iined for maximum nucleate heat fluxes 
for methane at degrees o f  su1)cooling as high as those o1)tained for the other 
1iydrocarl)ons tested because the difference between the saturation tem- 
perature and the freezing temperature is much smaller than t h a t  of the 
other hydrocarbons tested. C:onsequently, most of the data obtained 
at low values of subcooling and much of it was for no subcooling. 
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Figure E-6

Maximum Nucleate Boiling Heat Flux [or Propane
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Figure E-7
Maximum Nucleate Boiling Heat Flux for Butene l
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Figure E-8

Maximum Nucleate Boiling Heat Flux [or 0.14 Pentane-
0.86 Isopentane Blend

• r.6
Pressure = I$0 ps£a

Q) I. 3 fe/sec
/_ 3.4 ft:/sec

[_ 6.3 ft:/sec

23.3 ft_/sec

1.2

............

I

,. ...................... ]

V = 3.4 ft_/sec

E-7



Pratt & Whitney Aircraft
PWA FR-1445

Figure E-9

Maximum Nucleate Boiling Heat Flux for Propylene
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Figure E-IO

Maximum Nucleate Boiling Heat Flux for 0.48 Propane-
0.52 Propylene Blend
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Equations which represent the experimentally measured maximum

nucleate heat flux as a function of velocity and degree of subcooling were

formulated for each of the fuels tested. These equations are valid only

over the range of velocities from 1.0 to 8.0 ft/sec and for a pressure of 150

psia.

The equations are of the form

qm.x = A + B (T,- Tb)

where:

qlllax

T,

T b

A

B

-- Maximum nucleate heat flux

-- Fluid saturation temperature

= Fluid bulk temperature

Function of velocity or a constant

-- Function of velocity

The final equation for each of the hydrocarbon fuels is:

q=.= -- (a -4- bV) + (c -}- dV) (T_- Tb)

where qm.x is in Btu/sec in." and V is in ft/sec.

The constants for each of the fuels are as follows:

a b c d

Propane 0.2702 0. -0.0003192 0.0005607

Butene-1 0.1933 0.02355 0.001643 0.00005175

Propylene 0.2255 0. --0.0004152 0.0003921

Methane 0.2279 0. 0.003159 0.

48%Propane-52%Propylene 0.2180 0. --0.00004694 0.0002750

14%Pentane-86%Isopentane 0.1883 0.032 0. 0.000204

Further tests were made with methane, propane, butene-1, and a 14%

pentane-86_o isopentane blend at a higher velocity of approximately 25

ft/sec and at pressures other than 150 psia. Each of these fuels was tested

with a single inlet temperature, which resulted in the narrow spread of the

data in figures E-5 through E-8. The effect of velocity on the maxinmnl

nucleate boiling heat flux can be better discerned from figures E-11, E-12,

and E-13 for butene-1, propane and the pentane blend. It is evident that the

effect of velocity is not linear, but becomes less at higher velocities for all

three fuels. Hence, an extrapolation of the equations for the maxilnum

nucleate heat flux as a function of the degree of subcooling and velocity, as

presented above could result in large errors at velocities higher than 8 ft/sec.
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Figure E-11

Maximum Nucleate Boiling Heat Flux [or Butene-1

(Bulk Temperature _ 535°R, Pressure _ 150 psia)
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Figure E-12

Maximum Nucleate Boiling Heat Flux for Propane

(Bulk Temperature -- 430°R, Pressure _ 150 psia)
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Figure E-13
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Maximum Nucleate Boiling Heat Flux [or Pentane-

Isopentane Blend (Bulk Temperature _ 553°R,
Pressure _ 150 psia)
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The effect of pressure on the maximum nucleate heat flux for butene-l,

methane and the pentane blend can be seen in figures E-14, E-15, and E-16.

The maximum heat flux is called peak flux in these figures since they

include data at supercritical pressures where nucleate boiling per se does

not occur. However, at the supercritical pressures a peak heat flux did

exist which, if exceeded, would result in a sudden increase in wall tem-

perature of several hundred degrees, depending on the exact conditions.

This suggests that a heat transfer mechanism similar to that for subcritical

boiling exists for the supercritical state, at least over a limited range of

conditions. For test conditions in the critical region, moderate differences

in bulk and wall temperatures, yielding large differences in bulk and wall

fluid density could result in a simulation of subcritical film boiling, with

a low density vapor blanket on the wall and high density bulk liquid condi-

tions. Similar results have been reported for supercritical heat transfer to

hydrogen by Hendricks et al (Reference 1).

It has been established in the heat transfer literature that there is

an optimum pressure, relative to the critical pressure, at which the peak

heat flux reaches a maximum value. There is, however, disagreement as

to the exact value of this optimum relative pressure and this value may

depend upon the test fluid and conditions. Figure E-14 and E-16 reveal

that the optimum pressure is a function of velocity and that it increases

with velocity. The same results are reported by Noel (Reference 2) in work

with ammonia. The data points in figures E-14, E-15, and E-16 are con-

nected by dashed lines due to the uncertainty of the exact shape of the curve.

3. FILM BOILING DATA

Film boiling data were obtained for both subcooled fluid and the two-

phase region. Some difficulty was encountered in trying to correlate both

the subcooled and the two-phase film boiling data by the same techniques.

Results of efforts to correlate film boiling data for both of the above

mentioned fluid conditions are presented in figures E-f7, E-18, E-19, and

E-20 for methane, propane, butene-1, and the pentane blend. The heat

transfer coefficient is plotted versus the quality parameter (4_) for constant

values of inlet liquid velocity or mass flow per unit area where:

H - H I
¢ =

H - H Ig

H = Local fluid enthalpy
and

H I = Saturated liquid enthalpy

Hg = Saturated vapor enthalpy

Negative values of 4) represent subcooled film boiling while values of 4_

greater than zero represent film boiling in the two-phase region. Coeffi-

cients for the saturated vapor have been calculated for methane and propane

at the same values of mass flow per unit area as the experimental data.

These calculated coefficients are plotted in figures E-17 and E-18. The

curve for the experimental data would be expected to pass through these

points.
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Figure E-14

Peak Heat Flux for Butene-1

(Bulk Temperature _ 535°R)
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Figure E-15
Peak Heat Flux for Methane

(Bulk Temperature _ 270°R)
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Figure E-16

Peak Heat Flux for 0.14 Pentane -- 0.86 Isopentane

Blend (Bulk Temperature _ 553°R)
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Figures E-17 through E-20 show that, for values of 4_ between zero

and one, the experimental data points group closely along lines of constant

inlet velocity; however, for values of 4_ less than zero there is considerably

more data scatter. The scatter appears to increase as the fluid state ap-

proaches saturated liquid. In addition, there is more data scatter over the

entire range of 4_ for the lowest mass velocity; this is caused by increased

experimental error in measuring the lowest mass flow rates.

A general correlation of film boiling data for several fluids at various

pressures, temperatures, mass velocities, and qualities has been obtained

by yon Glahn (Reference 3). This correlation was satisfactory for film

boiling in the two-phase region where there was net vapor generation as

the fluid moved through the tube, but it did not apply to subcooled film

boiling where the bulk temperature was less than the saturation tempera-

ture and no net vapor generation occurred. Experimental data for propane,

methane, butene-1, and the pentane blend have been correlated using the

parameters developed in Reference 3, and are shown in figures E-21, E-22,

E-23, and E-24.

The film vaporization parameter X_, is defined as

xF
4qL/GDHfg

1 - X
C

where:

q

L =

G =

D =

Hfg =

X =
C

Heat flux

Length along heated tube measured from the "burnout"

Mass velocity

Inside tube diameter

Latent heat of vaporization

Fluid quality at the "burnout" location

location

The experimental Nusseh number is

(")NUex p = hex p

and the calculated Nusselt number is

NUcalc = 0.023 (Re) 0"8 (pr) 0"4

E-18



Pratt 8, Whitney Aircraft
PWA FR-1443

Figure E-21

Film Boiling Correlation, Propane Data
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Figure E.22

Film Boiling Correlation, Methane Data
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Figure E-23

Film Boiling Correlation, Butene-1 Data
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Figure E-24

Film Boiling Correlation, 0.14 Pentane-0.86

Isopentane Blend Data
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All properties are evaluated for the saturated vapor at the saturation

temperature. The two-phase correlation factor (Ftp), is a complicated em-

pirical factor involving transport properties, thermodynamic properties,

Reynolds number, heat flux and the film vaporization parameter. The data

in figures E-21 to E-24 group closely along a single line for each fuel. How-

ever, the "best fit" lines for each of the four fuels and a linear "best fit"

of the data correlated in Reference 3 do not coincide. The methane data

groups closest to the correlation line in Reference 3, while the butene-1

data is considerably lower. Most of the differences between the "best fit"

lines for each fuel are probably due to an uncertainty in property values,

particularly surface tension. Surface tension is a strong variable in the

correlation presented in Reference 3, and experimental data for surface

tension was scarce for many of the hydrocarbons tested, especially butene-1.

° REFERENCES

1. Hendricks, R. C., R. W. Graham, Y. Y. Hsu, and A. A. Medeiros,

"Correlation of Hydrogen Heat Transfer in Boiling and Super-

critical Pressure States," ARS Journal, February 1962, Vol. 32.

2. Noel, M. B., "Experimental Investigation of the Forced Convection

and Nucleate Boiling Heat-Transfer Characteristics of Liquid Am-

monia," JPL Technical Report No. 32-125.

3. von Glahn, Uwe H., "A Correlation of Film-Boiling Heat Transfer

Coefficients Obtained with Hydrogen, Nitrogen, and Freon 113

in Forced Flow," NASA TN D-2294, May 1964.

E-23



APPENDIX F

DISTRIBUTION LIST

Pratt & Whitney Aircraft
PWA FR-1443

National Aeronautics and Space Administration
Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attn: Contracting Officer, MS 500-210 1

Liquid Rocket Technology Branch.
MS 500-209 8

Technical Report Control Office, MS 5-5 1

Technology Utilization Office, MS 3-16 1

AFSC Liaison Office, MS 4-1 2

Library 2

Office of Reliability g: Quality
Assurance, MS 500-203 1

Arthur N. Curren, MS 6-1 1

Harold Valentine, MS 501-2 1

Joseph N. Sivo, MS 501-2 1

National Aeronautics g: Space Administration 2
Washington, D.C. 20546
Attn: Code RPX

Scientific and Technical Information Facility 6
P. (_. Rox ._700

Bethesda, Maryland 20014

Attn: NASA Representative Code CRT

National Aeronautics and Space Administration 1
Ames Research Center

Moffett Field, California 94035

Attn: Library

National Aeronautics and Space Administration 1
Flight Research Center
P. O. Box 273

Edwards, California 93523

Attn: Library

National Aeronautics and Space Administration 1

Goddard Space Flight Center

Greenbelt, Maryland 20771

Attn: Library

National Aeronautics and Space Administration 1

Langley Research Center

Langley Station
Hampton, Virginia 23365

Attn: Library

National Aeronautics and Space Administration 1

Manned Spacecraft Center
Houston, Texas 77001

Attn: Library

National Aeronautics and Space Administration 1

George C. Marshall Space Flight Center
Huntsville, Alabama 35812

Attn: Library

National Aeronautics and Space Administration 1
Western Operations
150 Pico Boulevard

Santa Monica, California 90406

Attn: Library

National Aeronautics and Space Administration 1

John F. Kennedy Space Center
Cocoa Beach, Florida 32931

Attn: Library

Jet Propulsion Laboratory 1
4800 Oak Grove Drive

Pasadena, California 91103

Attn: Library

U. S. Department of the Interior 1
Bureau of Mines

4800 Forbes Avenue

Pittsburgh, Pennsylvania 15213

Attn: M. M. Dolinar, Repts Librarian
Explosives Research Center

Office of the Director of Defense Research

& Engineering 1

Washington, D.C. 20301
Attn: Dr. H. W. Schulz, Office of Asst. Dir.

(Chem. Technology)

RTD(RTNP) I

Boiling Air Force Base

Washington, D.C. 20332

Arnold Engineering Development Center 1
Attn: AEOIM

Air Force Systems Command
Tullahoma, Tennessee 37389

AFSC(SCLT/Captain S. W. Bowen) I
Andrews Air Force Base

Washington, D.C. 20332

AFRPL (RPR) 1
Edwards, California 93523

AFRPL(RPM) 1
Edwards, California 93523

AFFTC (FTAT-2) 1
Edwards AFB, California 93523

Office of Research Analyses (OAR) 1
Attn: RRRT

Holloman Air Force Base, New Mexico 88330

Air Force Office of Scientific Research 1

Washington, D. C. 20333

Attn: SREP, Dr. J. F. Masi

AFRPL (RPC) l
Edwards, California 93523

Wright-Patterson Air Force Base, Ohio 45433 I

Attn: AFML (MAAE)

Wright-Patterson Air Force Base, Ohio 45433 I

Attn: AFML (MAAM)

Commanding Officer I
BallisticResearch Laboratories

Aberdeen Proving Ground, Maryland
Attn: AMXBR-I

21005

F-I



Pratt & Whitney Aircraft
PWA FR-1443

APPENDIX F DISTRIBUTION LIST (Continued)

Department of the Army

U. S. Army Materiel Command

Washington, D.C. 20315
Attn: AMCRD-RC

Commanding Officer

U. S. Army Research Office (Durham)
Box CM, Duke Station

Durham, North Carolina 27706

U. S. Army Missile Command
Redstone Scientific Information Center

Redstone Arsenal, Alabama 35808

Attn: Chief, Document Section

Bureau of Naval Weapons

Department of the Navy
Washington, D. C. 20360
Attn: DLI-3

Bureau of Naval Weapons

Department of the Navy
Washington, D.C. 20360
Attn: RMMP-2

Bureau of Naval Weapons

Department of the Navy
Washington, D.C. 20360
Attn: RMMP-4

Bureau of Naval Weapons

Department of the Navy
Washington, D.C. 20360
Attn: RRRE-6

Commander

U. S. Naval Missile Center

Point Mugu, California 93041

Attn: Technical Library

Commander

U. S. Naval Ordnance Laboratory
White Oak

Silver Spring, Maryland 20910

Attn: Library

Commander

U. S. Naval Ordnance Test Station

China Lake, California 93557
Attn: Code 45

Commander (Code 753)
U. S. Naval Ordnance Test Station

China Lake, California 93557
Attn: Technical Library

Superintendent
U. S. Naval Postgraduate School

Naval Academy

Monterey, California 93900

Commanding Officer
Office of Naval Research

1030 E. Green Street

Pasadena, California 91101

Director (Code 6180)
U. S. Naval Research Laboratory
Washington, D.C. 20390
Attn: H. W. Carhart

Director

Special Projects Office

Department of the Navy

Washington, D.C. 20360

Commanding Officer
U. S. Naval Underwater Ordnance Station

Newport, Rhode Island 02844
Attn: W. W. Bartlett

Commander

U. S. Naval Weapons Laboratory
Dahlgren, Virginia 22448
Attn: Technical Library

Aerojet-General Corporation
P. O. Box 296

Azusa, California 91703
Attn: Librarian

Aerojet-General Corporation
11711 South Woodruff Avenue

Downey, California 90241
Attn: F. M. West, Chief Librarian

Aerojet-General Corporation

Attn: Technical Library 2484-2015A
P. O. Box 1947

Sacramento, California 95809

Aeronautical Division Philco Corporation
Ford Road

Newport Beach, California 92600

Attn: Dr. L. H. Linder, Manager

Technical Information Department

Aeroprojects, Inc.
310 East Rosedale Avenue

West Chester, Pennsylvania

Attn: C. D. McKinney

19389

Aerospace Corporation
P. O. Box 95085

Los Angeles, California 90045

Attn: Library-Documents

Allied Chemical Corporation
General Chemical Division
P. O. Box 405

Morristown, New Jersey 07960
Attn: Security Office

Celanese Corporation of America
Box 3049

Asheville, North Carolina 28802

American Cyanamid Company
1937 W. Main Street

Stamford, Connecticut 06902

Attn: Security Officer

F-2



Pratt & Whitney I::lircraft
PWA FR.1443

APPENDIX F DISTRIBUTION LIST (Continued)

IIT Research Institute

Technology Center

Chicago, Illinois 60616

Atm: C. K. Hersh, Chemistry Division

ARO, Inc.

Arnold Engrg. Dev. Center
Arnold AF Station, Tennessee
Attn: Dr. B. H. Goethert

Chief Scientist

37389

Atlantic Research Corporation

Shirley Highway and Edsall Road
Alexandria, Virginia 22314

Attn: Security Office for Library

University of Denver
Denver Research Institute

P. O. Box 10127

Denver, Colorado 80210

Attn: Security Office

Battelle Memorial Institute

505 King Avenue
Columbus, Ohio 43201

Attn: Report Library, Room OA

Bell Aerosystems
Box 1

Buffalo, New York 14205
Atm: T. Reinhardt

The Boeing Company

Aero Space Division
P. O. Box 3707

Seattle, Washington 98124

Arm: Ruth E. Peerenboom (1190)

Chemical Propulsion Information Agency

Applied Physics Laboratory
8621 Georgia Avenue

Silver Spring, Maryland 20910

Propulsion Engineering Division

(D.55-11)

Lockheed Missiles g¢ Space Company
1111 Lockheed Way

Sunnyvale, California 94087

Douglas Aircraft Company, Inc.
Santa Monica Division

3000 Ocean Park Boulevard

Santa Monica, California 90405

Atm: Mr. J. L. Waisman

The Dow Chemical Company

Security Section
Box 31

Midland, Michigan 48641

Attn: Dr. R. S. Karpiuk, 1710 Building

E. I. duPont deNemours and Company
Eastern Laboratory

Gibbstown, New Jersey 08027
Attn: Mrs. Alice R. Steward

Esso Research and Engineering Company 1

Special Projects Unit
P. O. Box 8

Linden, New Jersey 07036
Attn: Mr. D. L Baeder

Ethyl Corporation 1
Research Laboratories

1600 West Eight Mile Road

Ferndale, Michigan 48220
Attn: E. B. Rifkin, Assistant Director,

Chemical Research

General Dynamics/Astronautics 1
P. O. Box 1128

San Diego, California 92112

Attn: Library and Information Services (128-00)

Hercules Powder Company 1

Allegany Ballistics Laboratory
P. O. Box 210

Cumberland, Maryland 21501

Attn: Library

Institute for Defense Analyses 1

Arlington, Virginia 22202

Attn: Classified Library

Lockheed Propulsion Company 1
P. O. Box Ill

Redlands, California 92374

Attn: Miss Belle Berlad, Librarian

Marquardt Corporation I

16555 Saticoy Street
Box 2013 -- South Annex

Van Nuys, California 91404

Minnesota Mining & Manufacturing Company 1
900 Bush Avenue

St. Paul, Minnesota 55106
Attn: Code 0013 R&:D

VIA: H. C. Zeman, Security Administrator

North American Aviation, Inc. 1

Space & Information Systems Division
12214 Lakewood Boulevard

Downey, California 90242
Attn: Technical Information Center

D/096-722 (A J01)

Rocket Research Corporation 1
520 South Portland Street

Seattle, Washington 98108

Rocketdyne 1

6633 Canoga Avenue

Canoga Park, California 91304
Attn: Library, Department 596-306

Rohm and Haas Company 1
Redstone Arsenal Research Division

Huntsville, Alabama 35808

Attn: Librarian

F-3



Pratt & Whitney Aircraft
PWA FR-1443

APPENDIX F DISTRIBUTION LIST (Continued)

Space Technology Laboratory, Inc.
1 Space Park
Redondo Beach, California 90200

Attn: STL Tech. Lib. Doc. Acquisitions

Texaco Experiment Incorporated
P. O. Box I-T

Richmond, Virginia 23202
Attn: Librarian

Thiokol Chemical Corporation
Alpha Division, Huntsville Plant
Huntsville, Alabama 35800

Attn: Technical Director

Thiokol Chemical Corporation
Elkton Division

Elkton, Maryland 21921
Attn: Librarian

Thiokol Chemical Corporation
Reaction Motors Division

Denville, New Jersey 07834
Attn: Librarian

Thiokol Chemical Corporation
Rocket Operations Center
P. O. Box 1640

Ogden, Utah 84401
Attn: Librarian

Thiokol Chemical Corporation
Wasatch Division
P. O. Box 524

Brigham City, Utah 84302
Attn: Library Section

United Aircraft Corporation

Corporation Library
400 Main Street
East Hartford, Connecticut 06118
Attn: Dr. David Rix

United Aircraft Corporation
Pratt 8¢ Whitney Fla. Res. _: Dev. Ctr.
P. O. Box 2691
W. Palm Beach, Florida 33402

Attn: Library

United Aircraft Corporation
United Technology Center
P. O. Box 358

Sunnyvale, California 94088
Attn: Librarian

General Electric Company
Apollo Support Department
P. O. Box 2500

Daytona Beach, Florida 32015

Attn: C. Day

British Defence Staff, British Embassy
3100 Massachusetts Avenue

Washington, D.C. 20008
Attn: Scientific Information Officer

VIA: National Aeronautics and Space
Administration

Washington, D.C. 20546

Attn: Office of International Programs

Defence Research Member

Canadian Joint Staff (W)
2450 Massachusetts Avenue

Washington, D. C. 20008

VIA: National Aeronautics and Space
Administration

Washington, D. C. 20546

Attn: Office of International Programs

Department of Commerce

Office of Export Control
Washington, D. C.

Attn: Chief, Chemistry 8¢ Fuels Section
Paul M. Terlizzi

AFRPL (RPCL)
Edwards, California 93523

Callery Chemical Company

Research and Development

Callery, Pennsylvania 16024
Attn: Document Control

FMC Corporation

Chem. Research _ Development Center
P. O. Box 8

Princeton, New Jersey 08540
Attn: Security Officer

Ethyl Corporation
P. O. Box 3091

Baton Rouge, Louisiana 70805

Hynes Chemical Research Corp.
308 Bon Air Avenue

Durham, North Carolina 27704

Olin Mathieson Chemical Corporation
Research Library I-K-3
275 Winchester Avenue

New Haven, Connecticut 06511
Attn: Mail Control Room

Mrs. Laura M. Kajuti

Pennsalt Chemicals Corporation
Technological Center
900 First Avenue

King of Prussia, Pennsylvania 19406

Purdue University
Lafayette, Indiana 27907

Attn: M.J. Zurcrow

Commanding Officer

Picatinny Arsenal

Liquid Rocket Propulsion Laboratory
Dover, New Jersey 07801
Attn: Technical Library

General Electric Company
Missile g: Space Division
Re-Entry System Department
3198 Chestnut Street

Philadelphia, Penna.
Attn: D. W. Bahr

A. D. Cohen

F-4


